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PREFACE

The University of Arizona, Engineering Research Laboratory, was host to the Soil-Structure Interaction Symposium
on the campus at Tucson, Arizona. Arrangements were sponsored and supported pursuant to a contract between the
University of Arizona and the United States Deportment of Defense, Office of Civil Defense, In cooperation with other
agencies of the United States Government.

These proceedings publish the formal as well as the informal material which was presented during the four days,
June 8 through June 11, 1964. In general, the individual sessions followed a similar pattern in which previously prepared
papers were given by the author after which questions were considered. The formal papers are presented herein under
session headings; the less formal discussion is presented later under similar session headings.

The reasoning upon which the symposium was based, and the purposes to be realized, are best exemplified in
welcoming addresses given in the opening session by Dr. James R. Show, representing the University of Arizona, and
Mr. F. J. Tamanini, representing the Office of Civil Defense.

DR. JAMES R. SHAW*

I welcome you to the University of Arizona on behalf of Dr. Harvill** and Dr. Patrick***, who regret very much
that they will be unable to join you. I bring you their greetings. The general area of civil defense and survival has been
one of major interest at the University of Arizona for a considerable number of years.

The power of atomic bombs and thermonuclear devices staggers the imagination. And the reactions of this
tremendous stress situation on the part of people generally have been of great concern to us, particularly in the medical
field, as well as in the engineering field. The general attitude was somewhat improved a year ago when the Latham and
Martin book, Stratey for Survival (University of Arizona Press, 1963), focused our attention on the problem and gave
some hope for the future. We are proud of the young, dedicated, hard-working staff interested in this area; and we are
particularly proud of the fact that you honored Arizona by joining here in your discussions. The staff, I might add, joins
you in not knowing that this job cannot be done.

From a psychological and psychiatric point of view, people under tremendous stress situations react generally in
one of four different ways. At the time of the application of the stress, there Is a very large group of individuals who are
completely unstable, emotionally. They are a nuisance, they require an expenditure of resources, time, and even control.
There is another large group who completely ignore everything. They just fail to recognize any change in anything, push
it completely from consciousnes,, and may even wander around and do nonsensical things. They are not any particular
problem or danger because they are in a world by themselves, and isolate themselves by blocking everything from con-
sciousness. There is a third group who are unable to make decisions or evaluate the situation; but who are very anxious to
help and will attach themselves very early to true leaders who come out of the rubble or come into the rubble area, assess
the situation, and make plans. Then, thank Gad, there is always the fourth group; who are able to pick themselves up,
knock the dust off, look around and see what the situation is, think very clearly, and develop plans to carry out procedures
to make the most of it. I feel the group we now have in this room fall into this latter, and very important, category.

This symposium is the first one of its kind in the field of underground survival construction design. The objective
of the symposium Is a review of the present status of the art and science. You are here to evaluate the potential for
further productive research in this general area of interest. I can only join Stuart L. Pittman, Assistant Secretary of
Defense for Civil Defense, when he said: "Let us get on with this work, even though when the threat fades there is little
appetite for the dismal subject of suivival. We owe this to our country,. It makes us a tougher nut to crock end it makes
war less likely." To this I would like to add that your efforts are in direct support of peace. We wish you great success.
We hope that your deliberations here are fruitful.

Mr. F. J. TAMANINI****

It certainly is a pleasure to join the University of Arizona in welcoming this group, the Soil-Structure Interaction
Symposium. I would like to take the next few minutes to actually paint a backdrop to the overall program, indicate what
is behind it, and how this effort fits into the overall environment. To many of you this may be a slight review or a slight
updating.

Associate Director of Research, University of Arizona, Tucson, Arizona.
* President of the University of Arizona, Tucson, Arizona.

* Director of Research, University of Arizona, Tucson, Arizona.
"****Chief Structural Engineer, Architectural and Engineering Development Division, Office of Civil DefenseDepartment

of Defense, Washington, D.C.



In 1961 wher the President Issued an executive order placing major civil defense responsibilities In the Department
•,f Defense, he established the Office of Civil Defense. At the some time, he mode Stuart L. Pittman Assistant Secretary
oa Defense for Civil Defense. This actually made a workable defense posture available to the country, because now it
become possible for the Departrrwit of Defense to have a system of weapenry available to it, to have military services,
and also to have civil defense in the military establishment. Civil Defense was no longer a separate office under the
President or under on agency outside of the Deportment of Defense. This was a most important shot in the arm, because
now the Department of Defense was able to move out in cooperation with the military services in planning what civil
defense should be concerned with and what the military services should do to assist Civil Defense. One of the major con-
clusions established at this time was that the architectural and engineering professions of this country certainly hod to be
relied upon to do the technical task at hand. The President and Secretary of Defense decided to conduct computer studies
and war gaming to decide what challenges confront Civil Defense. This was done. I might state that a major problem
confronting the country was that there wert not many architects and engineers acquainted with weapons effects, with a
shielding methodology, or with protective construction. The Office of Civil Defense decided it must go to the
universities and campuses of the country to present programs for the practicing architects and engineers, in order to move
ahead in an effort to provide adequate shelter for about 240 million people by 1970. This major program was initiated
with several workshops and about eight universities and two service schools. This professional development program has
grown to include approximately 115 educational institutions and about 195 qualified instructors who are acquainted with
effects of weapons, shielding methodology and protective construction. These numbers are increasing steadily by the
splendidcooperation developed with the universities. In the meantime, protective construction manuals, and other
publications were also being generated and sponsored by divisions other than the one with which I am associated.

So we have technology coming into operations, and we have professional development programs being integrated
by the universties and their staff into the architectural and engineering professions. I might add that to date we have
approximately 5800 practicing architects and engineers, including faculty and instructors, who are qualified and certified
by the Department of Defense, after taking a very intensive course in radiation shieldirg methodology. It might be well
at this point, to indicate that the national policy for civil defense is concentrated on providing adequate fallout shelter
space for everyone in the cour Iry. The life-saving potential of fallout shelters can be readily shown. If one thinks In
terms of a cigar, a lighted cigar, where ground zero is the burning end which is the high-initial-effects area, and the
rest of the cigar is the fallout pattern. The national invfw'iment policy is concerned with that area depicted as the fallout
pattern area. That is where there is the most life-saving potential per dollar.

However, we offer protective construction programs dealing with structural dynamics. These educational
programs were necessary because many of the architects and engineers who had to deal with emergency operating cen.+rs,
communication centers, control centers and other facilities, needed to know something about overpressure. They had to
know something about concomitant effects and the treatment thereof, in addition to the radiation shielding. These courses
are limited in number. Only about six or eight hundred have taken this program in protective construction. This is the
constructional dynamics or blast program.

We also have two other programs that are part of this readiness program for the country. One is the environ-
mental engineering program, which is orientated toward the mechanical engineer. This again came about because of
the requirements to build more environmental control into all our shelters for timperatu;'), ventilation, and so on, which
makes more shelter space available at very little cost. We also have a shelter planning program for the principals of
architectural engineering firms who are not the slide rule operators or design personnel of the consulting firms but rather
the actual individuals who are the first contact with the client.

This program for soil-structure interaction came about because It was called to our attention that there were
nunerous areas in soil-structure Interaction that needed either more information or dissemination of the information that
was already currently available, but available only to certain researchers, or certoin laboratories or government offices,
and not readily available to anyone who would be associated with protective construction or shelters that required
additional features other than radiation shielding. So the Un;versity of Arizona and our headquarters office discussed
the possibilit,/ of having this get-together here for reviewing the state of the art and providing a meeting ground for not
only researchers but practicing engineers and university faculty in order to see the over-all current picture and perhaps
see it better from our vantage position here.

This particular program does not realign civil defense policy. It is no deviation from it. We are not attempting
to change the national fallout shelter policy. It is very important that we get this paint across to those v•o are present
so that nothing is read into the fact that we are still looking to the future while making progress in the direction of
providing the nation with readiness and with shelters. This is the approach of the Department of Defense. I think there
is going to be a lot to show, to read, and to study. It is hoped that through the material that comes from this symposium
we will realize an improved protective shelter program.



it

TABLE OF CONTENTS

page

PREFACE I
F. J. Tomanini - Office of Civil Defense
James R. Show - University of Arizona

SESSION ONE- MONDAY AM

OPENING ADDRESS
THE BASIS OF CURRENT CRITERIA FOR THE DESIGN OF UNDERGROUND PROTECTIVE CONSTRUCTION,

N. M. Newmark - University of Illinois 1

SESSION TWO-MONDAY PM

WAVE PROPAGATION IN SOIL MEDIA
CHARACTERISTICS OF STRESS WAVE PROPAGATION IN SOIL, E. T. Selig - lIT Research Institute 27
DYNAMIC BEHAVIOR OF GRANULAR MEDIA, James V. Zaccor - URS Corporation 62
STATIC AND DYNAMIC CONSTRAINED MODULI OF FRENCHMAN FLAT SOILS, A. J. Hendron and

M. T. Davisson - University of Illinois 73
PROPAGATION OF DYNAMIC STRESSES IN SOIL, Lynn Seaman - Stanford Research Institute 98

SESSION THREE-TUESDAY AM

GROUND MOTION AND INSTRUMENTATION
FREE FIELD GROUND MOTION PRODUCED BY EXPLOSIONS, William R. Perret - Sandia Corporation 107
INERTIAL EFFECTS AND SOIL STRENGTH CRITERIA, B. B. Schimming and H. C. Saxe -

University of Notre Dame 118
A NEW DEVICE FOR SOIL STRAIN MEASUREMENT, W. B. Truesdale and M. E. Anderson - lIT

Research Institute !29
SHOCK-ISOLATING BACKPACKING MATERIALS, A REVIEW OF THE STATE OF THE ART, George C.

Hoff - U. S. Army Engineer Waterways Experiment Station 138
EFFECTS OF GAUGE DENSITY AND PLACEMENT ON MEASUREMENT OF ACCELERATION IN SOIS.,

E. T. Selig and R. W. Rusin - lIT Research Institute 155
A REVIEW OF STRESS AND STRAIN MEASUREMENT IN SOIL, E. T. Selig - lIT Research Institute 172

SESSION FOUR-TUESDAY PM

STATE OF THE ART

THE BEHAVIOR OF SHALLOW-BURIED CYLINDERS, Jay R. Allgood - U. S. Naval Civil Engineering
Research Laboratory 1M8

BURIED TUBES UNDER SURFACE PRESSURE, P. S. Bulson - Military Experimental Establishment,
Hampshire, England 211

REVIEW OF SOIL-STRUCTURE INTERACTION, Carl K. Wiehle - URS Corporation 239
STRUCTURAL DESIGN TRENDS IN BURIED FLEXIBI.E CONDUITS, Reynold K. Watkins - Utah State University 246
A STUDY OF LOADS ON UNDERGROUND STRUCTURES, D. A. Van Horn - Lehigh University 256

iII



SESSION FIVE-WEDNESDAY AM

SIMILITUDE AND MODEL STUDIES page

SIMILARITY REQUIREMENTS FOR UNDERGROUND STRUCTURES, Donald F. Young and Glenn Murphy -
Iowa State University 285

THE APPLICATION OF SIMILITUDE TO PROTECTIVE CONSTRUCTION RESEARCH, Robert K. Tener -
U. S. Army Engineer Waterways Experiment Station 296

A SIMPLIFIED SOIL STRUCTURE INTERACTION MODEL TO INVESTIGATE THE RESPONSE OF BURIED
SILOS AND CYLINrlFPS, C. J. Costantino, 0 " Robinson and M. A. Solma , - [i " urhi3 kitue j(jJ

THE EFFECT OF PORE AIR PRESSURE ON SOIL-STRUCTURE INTERACTION, Delon Hampton - University
of New Mexico 315

PHOTOELASTIC STUDY OF WAVE PROPAGATION AROUND EMBEDDED STRUCTURAL ELEMENTS,
W. F. Riley - lIT Research Institute 332

SESSION SIX-WEDNESDAY PM

ANALYTICAL AND EXPERIMENTAL STUDIES, PART I

AN 11 ESTIGATION OF PANEL-ARCHING EFFECTS IN NONCOHESIVE SOIL, W. B. Truesdale and
E. lay - lIT Research Institute 349

ARCHING IN SOIL DUE TO THE DEFLECTION OF A RIGID HORIZONTAL STRIP, Chunduri V. Chelapati -
California State College at Los Angeles 356

ATTENUATION OF STRESSES FOR BURIED CYLINDERS, Jerome 0. Bums and Ralph M. Richard -
University of Arizona 378

THE BENEFICIAL ACTION OF THE SURROUNDING SOIL ON THE LOAD-CARRYING CAPACITY OF
BURIED TUBES, U. Luscher and K. HFeg - Massachusetts Institute of Technology 393

AN EXPERIMENTAL EVALUATION OF SOIL ARCHING, George E. Triandafilidis - Rice University, Delon
Hampton - University of New Mexico, and Milan Spanovich - Pittsburgh, Pennsylvania A03

SESSION SEVEN-THURSDAY AM

ANALYTICAL AND EXPERIMENTAL STUDIES, PART 11
EXPERIMENTS ON CIRCULAR CYLINDERS WITH FLEXIBLE ROOF PLATES BURIED IN SAND, C. J.

Costantino and A. Longinow - lIT Research Institute 423
YIELDING MEMBRANE CONCEPTS, H. P. Harrenstien and R. H. Gunderson - University of Arizona 436
THE RESPONSE OF BURIED CYLINDERS TO QUASI-STATIC OVERPRESSURES, B. A. Donnellan -

University of New Mexicc 449
RESPONSE OF BURIED STRUCTURAL MODELS TO STATIC AND DYNAMIC OVERPRESSURES, R. L.

Marino, Jr. and W. F. Riley - lIT Research Institute 464
INTERACTION BETWEEN A SAND AND CYLINDRICAL SHELLS UNDER STATIC AND DYNAMIC LOADING,

John Thomas Hanley - University of M~nnesota 487

SESSION EIGHT-THURSDAY PM

DESIGN AND PROTOTYPE STUDIES
PROTECTION OF UNDERGROUND STRUCTURES BY ARCH ACTION ASSOCIATED WITH THE IMPERFECT

DITCH METHOD OF CONSTRUCTION, Merlin G. Spangler - Iowa State University 531
MEASUREMENTS OF SOIL-STRUCTURE INTERACTION ON PROTOTYPE PROTECTIVE STRUCTURES,

Ralph H. Sievers, Jr. - U. S. Army, Office of Chief of Research and Development 547
THE DESIGN OF BURIED ARCHES TO RESIST BLAST LOADS, William J. Flathau and Richard A. Sager -

L. S. Army Engineer Waterways Experiment Station 554

FORCE TRANSMISSION DUE TO COHESIVE SOIL-FOUNDATION INTFPACTION UNDER VIBRATORY
LOADING, Robert L. Kondner - Northwestern University 574

THE THEORY OF LIMITING EQUILIBRIUM FOR AXISYMMETRIC PROBLEMS: A COMPARISON WITH
EXPERIMENT ON SILO SKIN FRICTION, C. J. Costantino and A. Longqrow - lIT Research Institute 583

DISCUSSION 593

Iv



SESSION ONE-MONDAY AM

OPENING ADDRESS.

THE BASIS OF CL'URENT CRITERIA FOR THE DESIGN OF
UNDERGROUND PROTECTIVE CONSTRUCTION

by
N. M. Newmark*

INTRODUCTION

I intend to talk about some of the aspects of underground protectiveý construction. The title of the talk Is given
as "The Basis of Current Criteria for the Design of Underground Protective Construction." I am not sure that this talk will
be entirely on the subject, but I shall discuss a number of the topics that are Important and that have been taken into
account in the design of underground protectivi structures, particularly military structures. It is necessary to discuss
structural design criteria because as Mr. Tomanini painted out, the Civil Defense program has thus far been related only
to radiation and fallout shelter design (see Preface). There has been and will always be the possibility of designing fallout
shelters to give blast protection as a sort of bonus since it is sometimes possible, without the expenditure of too much
additional money, to build into fallout shelters blast protection as well. However, the general interest in the civilian
defense program is for lower levels of overpressure than one usually considers important in the military program. I shall
limit myself, when it is necessary to provide a limitation on the design criteria, to the region where the overpressure level
is of the order of not more than 200 or 300 lb per sq inch. You've probably heard lately that we can consider much higher
overpressures for military structures. But the types of behavior one must consider at higher levels are so different that it
would confuse the picture to try to present these data.

DESIGN CRITERIA

Figure 1 is intended merely to give some sort of a scale to the discussion. It is apparent from this figure that an
overpressure of 200 lb per sq inch will occur at about 2,700 feet from ground zero for a 1-MT weapon. Since this is the
sort of upper limit of overpressure that we are interested In, it is interesting to note the rapid decay In peak overpressure
occurring beyond this region, i.e., at about 7,000 feet from ground zero the pressure has decayed to 20 lbs per sq inch.
These distarces scale as the cube-root of the yield, in mepatons. Now we are Interested In evaluating the phenomena
important in the design of protective construction within the region bounded by these ranges. For example, we ore con-
cerned with the question whether at this range the direct transmitted stresses through the soil and rock might be of
comparable importance to the air-induced stresses. For example, If we take the best data that we have available for,
say, a I-MT surface burst at 2,700 ft distance in a soil or rock medium with excellent coupling, we find that we have a
strain of the order of about 0.000083 inches per inch. If the ino-ulus of elasticity of the soil is of the order of 10 million
lbs per sq inch, which it is for a good sound rock with a seismic velocity of about 20,000 ft per second, we would get
vertically under the source or in a 45 degree cone under the source, a stress of approximately 830 lbs per sq inch. This
is marc than comparable to the 200 lbs per sq inch air blast pressure. But near the surface at a range of 2,700 ft, we would
have values considerably less; on the order of about 300 lbs per sq inch. If, however, the coupling Is somewhat less,
corresponding to a true-surface bur.t with no penetration, then, even at 200 lbs per sq inch overpressure, the stresses in
the medium directly below at 2,700 feet and horizontally at a range of 2,700 feet would be comparable. And, if we deal
with a softer material such as shale or limestone, with a seismic velocity of the order of 6,000 feet per second the stresses
in the medium are between 75 and 35 lbs per sq inch, which is considerably less than the pressures transmitted to the ground
by the air overpressure. Consequently, for most of the situations in which we are interested, for shallow buried structures
subjected to overpressures up to 200 Ibs per sq Inch, the air blast pressures are predominant in producing the ground
velocities, accelerations, and displacements; the direct coupled effects are not important. The air blast pressures vary
with time as shown in Figure 2 for a particular overpressure. At lower overpressures, the curve decays slower, bui

rc and Head, partment of Civil Engineering, University of Illinois, Urbana, Illinois.



SOIL-STRUCTURE INTERACTION

even at 100 !'s pa; sq 0oo M
inch overpressure ther-
is quite a peak to the
curve. !t has a long
base, but dost of the 50-
impulse is in the early
portion. It is only when -
one drops down to less
than about 25 or 30 lbs
per -q inch that one gets
the so-called "classic';
exporential type of
curve, This peak pres-
sure has some influence _.._,

because of the fact thot
the peak is very quickly LT
washed out with passage
through the soft surface M

materials, and this
attenuation affects the 3
response of structures in -
general. In rock, of
course, the peak would >:
be transmitted more

effectively, but it is o
difficult to have a C

shallow buried structure
in rock because to --F

excavate it and then
backfill it introducei a,-
materiol that is different
from the natural '-
material. .

Ground Motion
Letu look

now at what happens 1)G. K

when these air blst
pressures are applied to
the ground surfaqce and i
propý.gate over the sur- IOOKT

1 $ 4 1 a 8 9 10 20 3 0
foce. Figure 3 shows a

pretsur', wave traveling Rcnge, R, thousands of feet
w;th a propagation or
shock velocity of mog-
nitude U. The velocity
of propagation in the Fig. I Peak Overpressure at Ground Surface Versus Range
soil i! C. When C is for Various Yield!, Surface Burst at Sea Level
less than U, the air
overpressure trave!s a
distar.ce proportional ,o U, and the ground shock wave travels a distance proportional to C. When all the positions that
the leadinci edge of tfe shock can have are. drawn, a series of lir.es are obtained that make an angleOX with the horizontal
where sine OC - C/U. In other words, we get a sloping front of the shock along which vertical pressures occur. It must be
emphuaized that there are some horizontal pressures resulting from the vertical pressure. However, the pressure is not
normal to that line. The sloping shock front is a front of essentially vertical pressures propagating through the ground as
long as the oir sitck velocity (: is greater than the ground motion velocity (C) or as long as we have superseismic
conditions. When C = U, then these velocities are equal. The ground shock front becomes vertical or nearly so; it is
ve,:ical at the surfmce and cdeparts from the vertical at a distance below the surface. Here we have an extreme condition.
Moreover, as !oon as the cr velo,.ity (U) becomes less than the ground shock velocity (C), then the shock in the ground
outruns the shock ',. rne air and we have a rather peculiar and unusual situation.
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SOiL-STRUCTURE INTERAC1ION

Let us consicer the conditions under which this situation will occur. TFe air shock velocity (U) varies with over-
pressure. For example, an air overpressure of 200 lbs per sq inch travels at about 4,000 feet per second, an air overpressure
of 100 lbs per sq inch travels at a velocity of about 3,000 feet per second, and air overpressure of 50 lbs per sq inch travels
at a velocity of about 2,200 feet per second. For a soil with a ground shock velocity (C) of 3,500 feet per second the
material seismic velocity will exceed the air blast shock velocity at an overpressure between 100 and 200 lbs per sq inch.
This will result in a subseismik or "outrunning" ground shock condition. When this occurs, the shock in the ground precedes
the air blast shock wave and reaches the structure first. As a result, we get a wave that is detached in the ground from the
pressure in the air. When that happens, a rather peculiar phenomenon of motions and stresses is produced which has been
given a great deal of emphasis by investigators, possibly some of it over-errmphasized. This can be said because most of the
important phenomena involved in the design of structures are essentially the same, whether we have "outrunning" or
superseismic conditions. There ore some things, however, that must be taken into account especially in consideration of a
shallow-buried surface structure. In the "outrunning" case the structure gets a bump from the ground before it gets a bump
from tbe air, and so there is a Ifference in phasing and in the various effects on the structure which cause problems in
connection with shock isolation. If we have layered soil media and if a sublayer of material has a higher seismic velocity,
then the shock wave propagates down to this layer, along it, and then up. In this case, e.n upward motion may result
which precedes the downward main motion from the air blast effects. These are things that are of importance in the
practical details of design. They have to be considered particularly in shock isolation problems and they are of greater
importance at low overpressures than at high overpressures because the lower the overpressures, the slower the shock velocity
of the air and the more chance there is of the air velocity being outrun by the velocity in the rrmdium. Typical seismic
velocities for different materials are given in Table 1.

TABLE 1
TYPICAL SEISMIC VELOCITIES FOR SOILS AND ROCKS

Material Seismic Velocity

Loose and Dry Soils 600- 3,300
Clay and Wet Soils 2,500 - 6,300
Coarse and Compact Soils 3,000 - 8,500
Sandstone and Cemented Soils 3,000 - 14,000
Shale and Marl 6,000 - 17,500
Limestone - Chalk 7,000 - 21,000
Metamorphic Rocks 10,000 - 21,700
Volcanic Rocks 10,000 - 22,600
Sounrd Plutonic Rocks 13,000 - 25,000
Jointed Granite 8,000- 15,000
Weathered Rocks 2,000 - 10,000

Based on information taken from: "Subsurface Exploration and Sampling
of Soils for Civil Engineering Purposes", by Juul Hvorslev, ASCE
Research Report, printed by Waterways Experiment Station, Vicksburg,
Mississippi, 1948, p. 30, Fig. 4.

Since we're dealing with overpressures that have velocities of the order of 4,000 to 1,200 feet per second,
"outrunning" will occur in many of these materials at overpressures which -re summarized in Table 2. In alluvium, at
pressures less than 40 lbs per sq inch, we get "outrunning"; at higher pressures, we do not. In dry gravel, outrunning
possibly occurs somewhere in the some range. In wet gravel, it occurs at higher values. In sandy clay pressures below
100 will give outrunning, but pressures above probably will not. But as one gets into limestone and metamorphic rocks,
one finds "outrunning" at overpressures less than 1,000 lbs per sq inch, so we may be in "outrunning" situations in many
practical cases.

Figure 4 illustrates what happens when a time dependent pressure applied to the surface is propagated down
through the medium. The prmsure at the surface, as it varies with time, is shown at the top. There is a very fast rise to
the peak, a decay, and a tapering off to zero in some duration. At some time later, after the wave front has reached
some depth, the pressu-e time curve has a longer rise, a lower peak, and a longer decoy. These are emphasized in
Figure 4 in which the wave front is drawn with a slope so these pressure curves will not overlap, as they indicate a
difference in time. As the wave progresses deeper it assumes a very long rise, a very much reduced peak, and a somewhat

4



OPENING ADDRESS

lengthened duratior'. One important quantity that we look TABLE 2
at is the total area under these curves--the impulse. In APPROXIMATE OVERPRESSURES AT WHICH
general, at the overpressures we are considering here, for OUTRUNNING OF GROUND WAVE OCCURS
all except very small weapons, this impulse is a constant. FOR LARGE YIELD SURFACE BURSTS
Essentially the condition that the total vertical impulse ovet
any horizontal plane Is preserved, occurs in any region
where the overpressurns do not vary greatly over a distance Formation Overpressure*
about equal to the depth that we are considering. There- (psi)
fore, we ore talking here of depths that are comparable to
the distance over which the overpressure varies a relatively Alluvium less than 40
small amount. Moreover, since the area under the curve Gravel (dry) 10 - 100
must be the same and since there is a decay in the peak, Gravel (wet) 40 - 500
there must be a lengthening of a base to keep the impulse Sandy Clay 100 - 500
constant. It is this change in character or shape of the Sandstone 500 - 2000
pressure time curve that is of great importance in design for Shale 650 - 2500
underground structures. Essentially this phenomenon implies Limestone 1500 up
that the deeper you go, the less is the peak pressure that Metamorphic 1000 up
you must resist; the deeper you go, the less is the particle Granite 3000 up
velocity you have; and the deeper you go, the lower is the
particle acceleration that is involved in producing effects
on equipment in the structure. This rise time to the peak *Outrunning conditions may be anticipated at
varies, of course, with the type of material. Empirically, overpressures less than those tabulated.
it has been more or less established that this rise time is of
the order of magnitude of about half the transit time of the
shock front to reach the point considered. It can be more or
less than this, but this is a good basic value tc use in trying
to estimate the effects of depth of cover when
you have no other information available.

Most of the information we have about
the attenuation with depth is empirical in
nature. There are some rather crude theoretical
studies; the crudest is one for which I am re-
sponsible, which I make no apologies for since
it gives answers which seem to agree with the
experimental data, but I don't think it is of
sound enough basis to warrant a good deal of
further effort on this same approach. The t
difficu!ty, of course, is, when you start making
calculations, which we can now do with a
computer, the results you get are conditioned
upon the assumptions you make in your calcu-
lations. The results are critically sensitive ro
the damping, the viscosity, and so forth, the
values of which we can assume, but have great
difficulty in measuring. We can assume all
kinds of conditions that give about the same
general type of attenuation. But the mere fact
that any set of assumptions gives agreement
with expcrimental data does not mean that the
assumptions are correct. This is one of the
things that one learns the hard way in experi-
ment. You can't verify the accuracy of
assumptions merely by luoking at the results
you get when you use these asuniptions in
calculations. Computers are very useful tools
in all of these studies.

Fig. 4 Attenuation of Soil Pressure Wave with Depth
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SOIL-STRUCTURE INTERACTION

Some of the data that are available on attenuation wvth depth presented in a slightly different form are shown in
Figure 5. This figure is a summary of the experimental results plotted in a form that was conditioned upon certain assumptions
I made several years ago. These were that we had an almost instantaneous or static situation in which we could consider the
instantaneous air pressure distributions and could then compute the static soil pressures at various steps by letting the pressure
move across the surface and evaluating how the pressure changed with depth. This, of course, is not entirely appropriate
because of the fact that shock waves propagate in a somewhat different fashion, and theoretically, for a perfectly elastic
material, even if one loads only a small segment of the surface, the pressures would be transmitted through the material with-
out attenuation of the front, even though there was attenuation behind the front. Fortunately, we don't have perfectly
elastic materials. In general, the smaller the yield, the fasler is the attenuation. For a 40-KT weapon the attenuation at a
40 foot depth is 5 0% for 200 psi overpressure. For 100 psi overpressure, the attenuated pressure is about 70% of the surface
value. Therefore, the higher the overpressure the faster the attenuation, the smaller the yield the faster the attenuation,
and so forth.

These various relations are summarized in the following highly empirical equations which are used quite often for
design purposes. They have the virtue only that they give consistent results that may be completely wrong, but, if so, they
are wrong in a consistent manner.

Pz =O p so (1)

1 + I (2)

w1/2 [W]1/3

L = 230 ft. [ [MT (3)
so

Figure 6 is a chart that has Percent of Surface Pressure
been developed to compute the effects
of these equations, and gives results 0 20 40 60 80 100
that are consistent with the values in Pressure, p ,psi.

Figure 5. For example, for 1-MT und o
100 lbs per sq inch and 100 feet we 0 40 40 120 160 200

have 70% of the surface pressure, at 0 20 40 60 00 100

25 feet we have 90% and so on. It
should be obvious that for shallow-
buried structures, buried less than
25-50 feet, and for low overpressures
and large yields, we have very little Z
if any attenuation. 40

Figure 7 shows a more
rational presentation of the change of N
wave form with depth. This is plotted ,
in such a way that we have time
plotted always horizontally, pressure 0 go

always vertically. Figure 7(a) shows ,

the pressure-time curve at t'se surface. fl
The pressure-time curve at some depth
is indicated by Figure 7(b). The rise "

time at the surface is indicated by the 1 120
time intercept of the wove peak line
and the time to a peak is shown by U 0

C0
the abscissa of this line at any depth. 0 aO 0

Figure 7(c) shows a pressure-depth
curve, and this is avite important to a I60 - -
look at. It shows instantaneous
values of pressue at different depths. /
We can obtaiii the pressure-depth
curves for various times, and by using
the modulus of deformation (the con-
strained modulus) at a particular 200
depth, we can compute the strain by Fig. 5 Chang* in Maximum Vertical Stress
dividing the constreined modulus into with Depth Due to Spatial Attenuation
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OPENING ADDRESS

the pressure level at that depth. Then ,oo.
we can compute the downward dis-
placement at the surface or at any

point below the surface, by integrating 0-
the total strain from the wave front up
to the point in question. These 0
calculations give instantaneous values

of displacement, and if we do the

computation for various time intervals

we can compute the maximom dis-

placement by looking for the maximum : Q

values. +-+
If we have layers we have to - - ----- +

take into account reflections and so 5

forth, which we can do, or we can 4- 4- -

perhaps more crudely approximate this >- 4 p . .....

by forgetting about the reflections and

assume on the average that they are 0 t

compensated for; this isn't too bad an I - ---- --

assumption if one looks at displace- 3:

ments. It's very bad if one looks at

other parameters. 4--

It is possible, therefore, to T

compute not only the maximum 0 ----

displacement but the displacement T- - .-- -
time curves at various points, and the 03.- !• t _

differential displacement between two
points, and so forth. I would like to f

call your attention to the fact that the + +

differential displacement between any 0 '0
two points at different depths is always
greater than the difference in maximum -

displacements at those two depths. It + 0 1 0 e a
has to be greater than that, because

the maximum displacements do not 1 0

occur simultanoously. Therefore, .
when one is a maximum, the other is + + +

at somewhat less than a maximumh 0

value. Furthermore, the difference T 0

must be less than the maximum strain i i|'
between those two points integrated t
over the length since the maximum 4 4 +t4
strain exists only at the one point, t
not over the entire depth. Therefore, 30 W 50 swo . 200C
we have some lImitations on diffee-

tial displacement which gives us a Lw . feet
clue as to how much, for example,
the displacement between top and

bottom of the so I around the struc-

ture might be. This In turn gives us Fig. 6 Depth Attenuation Factor

some measure of the shear that might
be transmitted to the structure by the solI and also some measure of the displacement at points where two structures ore

connected together, or the displacement that must be absorbed by any connection between them.

Figure 8 illustrates the stress-strain curve for soil. The dotted cUe is an Idealized curve for the Purpose of

prosetation hem. For Increasing stress we obtain first a softening and then for higher stresses a hardening or locking.

As we reduce Ih- load we get a recovery with some permanent set, and the loading and unloading do not follow the some

ath. It is necessary to define several moduli, initial tangent modulus, iN, secant madulus, m. (from which given a

stress we can compute the strain), and a recovery modulus (from which we can compute the total elastic recovery, or

total recovery, and the per~mwnt set). If we were interested in obtaining displacements we would hove to use this form
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SOIL-STRUCTURE INTERACTION

of stress-strain curve because, after a stratum has been stressed to some point and the stress is released, there is some
permanent set in the stressed stratum and some elastic recovery. For purposes of very quick estimates of displacement, it
is possible by means of rather crude relationships applicable to one-dimensional wave propagation theory, and by making
some necessary assumptions and a few unnecessary ones, to come up with equations of the following sort. The elastic com-
ponent of displacement in a homogeneous medium can be obtained by the following formula:

1/2 [ 1/3

d = 9 in. (4)de •c 1MT

For example, in a material having a seismic velocity of 2,000 feet per second, and subjected to an overpressure of 100 psi
from a 1-MT weapon, one could expect 4-1/2 inches of elastic displacement at the surface.

The permanent displacement is very difficult to determine unless we have complete stress-strain data for the
material. In general where we don't have such information the following entirely empirical equation can be useful:

p-40 r 2
d[ = 0 in. (5)

It doesn't differ by more than a factor of 3 or 4
from the correct values in most cases. This gives P
us a value for which there is no permanent defor-
mation for overpressures less than 40 lbs per sq
inch. It is apparent from this relationsý.ip that P _[

the softer materials have a relat;.;y larger
amount of permanent deformation (for overpressure.
higher than 40 lbs per sq inch).

The relative displacement bctween any (a)
two depths is the summation of the relative strains
between those two points. For the first 100 feet, / t
a relationship can be used that aepends on the
square of the seismic velocity and on the magni-
tude of the overpressure as shown in the next
equation. For example,

2 •i/--Pu versusl z at tt

d -ed < 4.8 in.[100p z. z c

(6)

For a 100 lbsper sq inch overprossre applied to a
soil with a 1000 foot per second seismic velocity,
at the 100 foot level the relative displocement
confo.red with the suirface value would be less
than 4.8 inches.

The one-dimensional wave theory gives o versus t at 1 -10
us o means of getting the other parameters,
velocity and acceleration. The velocity is related
to the strain and Is equal to the seismic velocity
times the strain. This leds to te relation:

v - 50o in. Poo 100 o
z sec cp

-*Ows Front wave Peak
From this equation, it is apporent that as the
proeium deceas or attenuates, the velocity

ttenuates in the te'y. way. Fig. 7 Change of Wave Form wi6 Depth
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OPENING ADDRESS

The acceleration is a much more difficult quantity I
to estimate. We can compute it by ussuming that the velocity --

is proportional to the pressure curve, and that the accelera-
tion is the derivative of the pressure curve. The maximum
acceleration is, therefore, the maximum velocity divided by / I
some sort of equivalent time that corresponds to the maximum
slope of the overpressure time curve. If we assume that the
rise time is parabolic, the effective rise time in computing / /
the acceleration would then be one half the true rise time. / I
This can be written as ao = 2vo/tr where tr is the true rise
time to peak velocity. If it is assumed that the rist time is of.
the order of 0.001 to 0.002 seconds for the points very near / /

the surface, then the equation for peak surface acceleration o M
becomes L N F£ /£

e it Pso [, /
15g pio12 (8)

Theoretically, of course, the acceleration can be
infinite; it is infinite for a shock. However, it is only /
infinite for on infinitesimal time. The relationship between
overpressure, seismic velocity, and resulting surface velocity
is shown in Figure 9. 4 k

The computation of acceieration at various depths zr P ZP ZP
beneath the surface is mode in a manner similar to the sur- Typtcal Real Curve
face acceleration as discussed. The only difference is that Strain, e
the rise time is assumed to be one half of the transit time or Ln___ed___
time necessary for the wave peak to reach that depth. The L'95o9'ied C~rve
resulting equation is: Fig. 8 Real and Linearized Stress-Strain Curves for Soil

v v
az 2 29-! (9)7 t 2

Z tr r 386 in./sec(

or
v c

az = 4g, (10)
386 in./sec.2

where tr (1/2) (ivp. Substituting the equation for the velocity at depth z into thii equation yielh

However, a should not be taken as greeelr than a .
TI occeleration at various depths as coouted by this equation is independent of the seismic velocity. Them

are two influences here: the rise time, which varies inversely with seismic velocity, is faster in harder materials; but the
particle velocity varies inversely with the seismic velocity. Since occlerotion is the quotient of thfee two quantities, the
acceleration is nearly indep•.ndent of seismic velocity. Figure 10 shows the particle acceleration as a function of depth.
the curye rmun& off near the surface du* to its dependence on the surface seismic velocity, which I suggest should never
be taken as greater Ohn 2000 feet per second becoase of the surface effects that are involved.

So much for the vertical pressures which act on the structures that we design, or essentially act an the free-field
where we might put the structures. What we want to know are the other forces that act at the sanse time. These are
sumnmarized very briefly and quite efpor~colly in Table 3 which shows the ratio of harizontal to vertical saoil pressres, Ko.
For dynamic conditions the soil must always be assumed to be undrained. For static, both undralne and drained conditions
wre permissible. For cahesionless soils the dynamic ratios are of the order of about 1/4, the static ratio is definitely larger.
It ranges from about 1/3 for dense soils to 1/2 for loose soils. Thmse K values go on up to I for turted soils having a
coristemcy range from very soft to hard. For rock, we can coa.te, K0 from Poisson's ratio "s by use of the expression
Ka Z M/(I- M). With this background, we con begin our discussion of soil-structure interc.tion.
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OPENING ADDRESS

TABLE 3
RATIO OF HORIZONTAL TO VERTICAL SOIL PRESSURES

Ko, For Stresses Up to 1,000 psi

Soil Description Dynamic Static

Undrained Undrained Drained

Cohesionless Soils, Damp or Dry 1/4 1/3-dense 1/3-dense
1/2-loose 1/2-loose

Unsaturated Cohesive Soils of Very
Stiff to Hard Consistency 1/3 1/2 1/2

Unsaturated Cohesive Soils of
Medium to Stiff Consistency 1/2 1/2 1/2

Unsaturated Cohesive Soils of Soft
Consistency 3/4 1/2 to 3/4 1/2 to 3/4

Saturated Soils of Very Soft to Hard I I 1/2-stiff
Consistency and Cohesionless Soils 3/4-soft

Saturated Soils of Hard Consistency.
qu = 4 tsf to 20 tsf. 3/4 to 1 1 1/2

Saturated Soils of Very Hard
Consistency. ; u 20 tsf. 3/4 1 1/2

Rock Obtain from tests on rock cores and correlate with
seismic citta.

SOIL-STRUCTURE INTERACTION

Figure I shows a s&etch of an arch near the surface of the ground subjected to a laterally moving wurfoce air
overpresure. If the cover is very small or if there is no restraint offered by tihe embedmont in the &oil, then the arch will
tend to deflect to one side. Becwuse of the fact that it cannot be so pushed without displacing the soil, which hNn ooss
and a h.,jh Inertia, and because of the fact that before it can start to mov very fast, the preur has gone over the top,
the arch tends to be pushed back. In other words, this unsymmotric*l displacement is almost completely prevented a soon
as the cover becomes even moderote. So for as we know, if there is a good sound bockfill, even though it is lust barely
tangent to the surfoce covered, this kind of motion would be prevented. Another type of deformotion, nAo necessrily
associated with the greater depth, iso symmetrical deforvmteion in which the crown goes *own and the houmthes go out.
This mults even when the pressure wave travels Iongitudinally, and even when the depth of cover is enough to prevent
the unsymmericol deformation ifom toking place. This is true because the cover aver the crown, when it is very shallow,
cannot prevent th crown from buckling in, except for the fact 44a, lot the crown to buckle elastically, the haurches
must buckle out. If, however, the corrression in the arch reaches the plastic limit, then we can get deformation of the
crown without the taunche moving out, and the arch would hove a tendency to collapse. As a result, in generl, we
would hove a coil"p condition if the vertkal prmssere an the crown reaches the value that wrud correspond to 3 ring
c.pressian equal to the yield point. To reitortet, Ith restraint offefd b) the soil te^& to keep th arch fixed in
position to rmia uymimetricol deflections but yielding end symretrirol deflection ame still possible. Thes conditions
are sown respectively in Figure I1 , (a) and (b.),
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SOIL-STRUCTURE INTERACTION

Now we get to the very important
and critical practical problems. The struc-
tures under consideration here are generally Grounde Surface
constructed in an excavation which is then 7- -
backfilled. If for any reason the backfill is
poorly placed, porous, or bad an one side or
the other, deformation can take place more /
readily and may be more harmful . The greater
the depth of cover, the less the effect of
backfill, of course, because we get somne
compaction due just to the weight of the
material. Another effect that takes place(a
in the structures is also shown in Figure I1I.
This effect is the footing motion which, for (b)
convenience, is shown only in Figure I11(b).
The total load transmitted to the arched
eloc-vt acts on the footing which, having
no overburden from thie inside of the struc- Fig. I1I Response of Buried Arches
ture and, therefo~re, no confinement,
may tend to push material up into the -C icular Arc Most Closely
structure or may just bite down throuxih y/Approximating Actual
the soil. Conseqj.ently, there is aI :C Gon aae
possibility of motion here which tends
to relieve the effects of the pressuresH
on the structure. This may be bad for
the footings; however, it probably is
good for the structure. This motion can
talet place in bath the symmintrical and
unsymmnetrical modes. Actually, it
would start at one footing first and then
the other bujt since the pressure travels 1
across the i-truciure so rapidly in com- W4

parison to rl ý- respoi;-se timie of the
structure, the tenciency is generally
for therse motions tc take place almost
symmietricolly.

In general, the so-called
'aorching" or relief of pressure due to
dettormation in a structure of this sort,-
an arched structure, is liss than. in a
flat roofed~ structure because of the
qre~atet st~ffness of an amch in con'ires-
%ion as compared to a flat roofed
structuret in banding. T1hut, orching
moy not takce place in atces". Thor
is, of course, on influence of the Fig. 12 Typical Partially Buried or AAounded Arch or Dome
footing motion an relief of pressure
that ?my be of great significance. Because a' the effect of the %oil relieving the structure fromi these u~ssy mmetv~ol
di*%locemanh anid c,*rifiquralion, thet', is sowe necessity for setting re~quiremenwts on height ci cover over Ithe strvctuge and
0-he type, of baocbfill in order to itnabli the strvctvre, to behave propely. Figuret 12 illustfrotes a sort of praicticas ptoblitrr
of on orich mounded over. Heme we have some'what dif'ecuMt loading conditions on the arch- because of the force acting on
the mound. *P actualtv nave c sk.l arch actinig with a structural irch, om-d 1,his l*= to be taken into account in the design.

Figure 13 oOutifl,, mwr (,. ott, the ttondwio$ critc-io 'at full coveir over 4m arch, or -domie. Thes criteria are
presented onily as point% of departtre for tmwr rotiwonl specifications which may be develope" later. In geneofl, one can
Ivy* steeper slopes, bu they 'ould be for enough a4..y fram the str, ctufe so that #N. higher intensity reflected pressures
acting on the steeper slopes at* not toranmitted to the ifttcture at sone point wkivý wovld give rise to a non-unitorm strom.

12
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For a buried arch,
pressures which reach the
structure can be divided into
two components. Figure 14
shows the first component, a -
uniform compressive force
which increases in intensity2
as the pressure wove travels
across the arch. It reaches Rgo

a value equal to the surface
overpressure after a time of4
the order of one transit timeMimu--
across the structure. Thiscoe 0
time would be B divided by4
U where B is the span and U
the air shock veulocity. As
the uniform component rises L
from zero to the full valuc z;!
the side-on overpressure,
general oveoll compression
is produced and buckling moy In Region A,moximurn. slope permi".tted is I on 2 Elsewhere no
occur. Buckling would occur Uiain pl~xetcvrms egetrta iiu hwif the arch were no suptonporteed oe ms e raerta mnmm hw
by soil, but this buckling is
inhibited almost fully by the
passive forces of the soilI. Fig. 13 Definition of Full Cover
Calculations have bown mode
to investigate these phenomena assuming various types of spring supports which would simulate the soil pressures. But, in
general, buckling does not occur in the usual way under these conditions and ordinarily can safely be neglected.

The second component is a flexural compionent inward on one side and outward on the other. Thii is -shown in
Figure 15. This rises to a maximum in a time of one half the transit time. Obviously it reaches ts maximum value when
the pressure acts only over half the arch. It doesn't act at all after the pressures have poiased over the arch completely o~r,
in other words, when -we hove a uniform loading on the surface. Thus, it has a very short timev base which, in effte<t,
makies it a more or less impulsive loading, The m~aximum value fair this loading is of the order of one holf the sutface over-
pressure. It is easily seen that when the pressures have passed over half the structure and reached the crown we have full
pressure on one side and none on the other. We then divide this up into t'wo compc'ients. The first LorPC eilt is 1 2 O
uniformly. The second component is 1, 2 ps, on the half of the structure over which the. ivrfoce load ii. acting wnd - 2 p
on the other half, This gives a total of p soon th, one half and 0 or. the other. We can handle these two cci-ýonents of
loading nearly mqporrcteiy,- however, we must consider thieir interaction since the' axial ring compression ningnities the effec-t
of the non-unifo m. component.

eA

Fi;n. 14 UnifoirmComporessicrn Loading Fig. 1ý' Flexural Loading



SOIL-STRUCTURE INTERACTION

Arching Cornzepts
PrcoJeeding to the arching con- Ss

cept, we refer to Figure 16 which S'p ... 5

illustrates a situation in which we have a , '

flat roofed !tructure acted on by a pressure. dp

Looking at the pr'issure distribution on an r)-t dx dx

element of the soil cbove, we notice that
the pressuie inr-reases as we go toward the -_ T r

surface because uf the attenuation of _

pressure with depth. If the roof deforms, • P 3T

we have lost aciditionc! pressure by shear
to the surrounding material or to the sides L--....... .

of the structure. This problem has oeen
studied in qrcat detail by a number of '0 -- struCUre P verl'col Stress
people and most of you have papers on .LRr•zrof Stress

this to!ic. The papers are divided into r Sneorirg Stress
two groups. One grof p treats the topic L: W~dh or Length of Structure

of buried cylinders. This is a nice, sim-
ple problem and may lead to results of
great practical importance. ihe orher i .. 16 Force Field Assumed for Underground Structure
grcup dealF with problems that are related to arching over flat
roofed 'tructures and many experiments have been conducted
along this line. Unfortunately, we had to arrive at design criteria

several yeos ago, before all of your fine work was available.
Thus, the results we arrived at are based on a moderate mixture of
judgement and available information from static loading tests. Tin0 -

The analysis presented here is the one given in the Air Force De-
sign Mmnual.

What ; tried to do in this analysis was to take into a : •cns0onl
account the moqnitude of the deformation of the roof because *t
seemed quite necessary to consider this cs one of the parameters.
Most of the treatments of arcking that hod been developed up to u
that time did not take into account this displacement, or at least aL

assumed it in a range that seemec6 to be wholly unreasonable.
Therefore, I essentially modified what Terzaghi had done Fig. 17 Assumed Variation of Shearing
(Terzaghi: r'heoretical Soil Mechanics) to take account of the Stress Versus Displacement
magnitude of the displacement, In order to simplify matters, I

assumed vertical shear
planes and uniform displace-
ments. These assumptions
can be corrected for I wjs
not looking for precise -•\ -- 1 --- h ------....

expressions, but merely a
means of relating the then
available data to some set - ie
of criteria that could be used
to furnish design standards.

Figure 17 shows the L, --

relationslip for shearing
stress versus displacement on . .. .

the slip surfaces. I assumed L----------'ma

that the shearing stress in-
creased linearly to some
maximum at a certain value
of displacement and then Fig. 18 Assumed Variation of Displacement
remaineJ constant. This and Shearing Stress with Depth
maximum is not necessor;ly a constant value, but is equal to the cohesion plus the value of the normal pressure times the
tangent of the angle of internal trict!on.

Figure 18 indicates some assumptions that were made in the course of the derivation. I assumed that the displace-
ment decayed with distance from the movaole surfaco as an exponential curve. I also assumed the shearing stress ,o be
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proportional to the displacement
above X I and constant below X1. S, , P... ..

Figure 19 shows schemati- S Pic~e•
cilly a box with a deflected roof. vp
The actual displacement of the roof F e , ". x J- .....
surface is not uniform, but, when
approximated by a uniform value, we r ,
get a usable result. I should empha- A

size the fact that the analysis Feref • '-•-

presented here in a very cursory
fashion is primarily for a semi-static. Fe : J_ I j
condition or a relatively slow dynamic I vp ree v-eld Yo....m
impulse, It is quite obvious, I think, At :0 •,esse A,
that if one applies a sharp peaked epI?
pulse of stress and it travels down, it r - rg Stress
does not know the structure is there L So 0 svacemenv
until it reaches the structure; there- H Smaoer Of (h-O.25L)
fore, its influence will be entirely or (2L).
different. If the structure is rigidiy Fig. 19 Cross-Section of Underground Structure
supported in some fashion at its base,
the initial pulse of loading on the A + Bp
roof of the structure will show no LgA Boo
arching. But if there is a rise time
in the pressure pulse, then there is .¢oe u . I- = T,01
time for the pressure to Inow that the A . 8p
structure is there, and essentially the Log -- ;_B P0 x
structure will experience reduced
loading. For intermediate conditions,
there is an effect that must be taken
into account. The large magnitude 8
of arching that we get out of this as
analysis or related analyses must be a L , r - M-

considered in light of the fact that _o
these are applicable orly for 2X
relatively slow rise time pressure Lo - a
curves.

Figure 20 is a sort of __

summary of the results. The
expression log (A + B A(A + B.P)
is plotted as the ordioate versus the Fig. 20 Variation of Pressure with Depth
distance X as the abscissa. In the
argument of the logarithmic expression:

A = C/R
B = Ko tan 0/R
p = the pressure at some distance X above the yielding point
PO = the pressure on the yielding surface

where 0

C = cohesion coefficient in shearing stress
R = hydraulic radius of the loaded area = area divided by perimeter
Ko = horizontal coefficient of pressure
ton 0 = tangent of the angle of internal friction of the soil

Were B equal to 0, we would have only a cohesive resistance. Under these conditions, this analysis says that
there is no arching. Were A equal to 0, we would have only a frictional resistance. We then go results that say that the
log of p/po is either a linear function of displacement or a function which increases to a ma;ximum and remains constant.
In other words, p/po is an exponential curve of the form ex for Case I and approaches a constant value for Case 2. In the
latter Case, we have the shearing stress equal to the maximum vwlue. In the former, it is less than that. In other words,
in Case 2 the displacement is less than the value required to produce a yield shear resistance so that we are on the linear
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SOIL-STRUCTURE INTERACTION

part of the shear curve. Essentially then, for a frictional type of material, p/po is some constant given oy
p/p 0 = e(K° tan A uo/RCOc). The quantity C is the proportion of the span at which yielding occurs and R is the
coefficient in the arbitrarly assumed displacement curve. These'numbers are a little difficult to define, but we can
arrive at reasonable values from experiments in which we had a number of drums at various orientations to the direction
of stress. We could pick constants from these and from other data that were available from field tests at the time this
analysis was made. From these I picked values of M of about 2%. In other words, at a displacement of the order of
about 2% of the span, we reached the condition where we generated the full shearing stress, otherwise we obtained
less than that. We obtained results which say, in general, that the displacement, if it ij more than 2%, will give rise
to a very large reduction in pressure when the depth of cover is about equal to the diameter. The factor is about 20 or
30 when the depth of cover is twice the diameter and it is fairly large even for smaller depths of cover. When the dis-
placement of the surface is less than 2%, then this factor is considerably less, and the ratio of load on the surface, to
load on the yielding roof is of the order of maybe no more than 3 or 2 when the ratio of the depth of cover is of the
order of about 1/2 to I times the span. These are very crude figures.

There are a number of parameters that enter into the rather complicated expressions, but the results given by
this analysis do check quite well with experimental data. Professor Linger has made a number of tests with some modifi-
cations of the theory that have indicated quite good agreement with the theory.

To emphasize the main point, the amount of arching is a function of the amount of displacement of the part of
the structure on which the pressure acts. If this displacement is small, the arching is negligible. Arching becomes less
important as the rise time of the applied pressure pulse becomes shorter.

What governs the amount of displacement in the roof of a structure? In part, this is governed by the design
conditions. If we design a reinforced concrete slab for very large pressures and have it quite thick, it cannot deflect
very much before it yields and crushes. Consequently, the amount of arching we would get on extremely strong structures
would be, in general, less than the amount we would get on extremely weak structures. In other words, if you design
something for 10 psi, you might get a very large amount of arching. If you design for 10,000 psi, you would probably
get very little.

SHOCK AND VIBRATION

The remainder of the discussion is concerned with shock and vibration. Let uc look at a simple spring-mass
system, Figure 21, where the base is subjected to some motion; and let us look at the stresses in the spring or the
acceleration of the moss when we have a prescribed motion of the base
to deal with. In other words, that prescribed motion of the base is either
the free-field motion or the free-field motion modified by the structure
sell into the free-field. The spring and mass may be either an internal
part of the siructure which is coupled to the external walls, or a piece r Ku
of equipment supported by some sort of foundation or connection to the m
structure. The following equations give familiar relationships for the
frequency of a spring-moss system: I - .-dg 9 dm- dg dr

f (12)

(31 Fig. 21 Simple Mass-Spring System
f = 2'"(13)

x

Figure 22 shows a response spectrum, i.e., the plot of maximum responses of that simple spring-mass system
when subjected to a certain type of input. In this figure, the input is in the form of either a double triangle of
acceleration, or a single parabolic pulse of velocity, or a displacement that rises to a maximum and remains constant.
These are all the same input, of course, just p!otted in different ways as shown in the figure. If the buse moves in the
fashion described by that input, then the response of the system is shown here plotted as a function of the frequency of
the system times the duration of this input versus the pseudo-velocity divided by the maximum ground velocity. The
pseudo-velocity is equal to the circular frequency of vibration multiplied by the maximum displacement, and the
maximum ground velocity is the peak on the parabolic velocity curve. The horizontal lines give constant values of
that ratio. The lines sloping upward to the right gives ratios of the maximum displacement in the spring (D) to the
maximum ground displacement (Yo). The lines sloping downward to the right give ratios of maximum acceleration of
the moss (A) to the maximum ground acceleration (o ). This is a three-way plot.
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It is interesting to note the general character of the response in the left part of the spectrum. Wv can characterize
the response by saying that the spring relative displacement is equal to the maximum ground displacement. This is obvious
because if we have an infinitely large moss supported by an Infinitesimally weak Wpring and we move the base, the mass does
not move; but since the base moves, the deformation of the spring is equal to the movement of the ground. It has to be so.
The surprising thing is that it is so for such a large range of frequencies. On the right hand side of the spectrum, we have
a result that says the maximum acceleration of the mass is just slightly mare than twice the maximum ground acceleration.
That is because thesn accelerations are discontinuous. If they were rounded off, we would get a value equa to I times the
maximum ground acceleration. In other words, If we hod a very hard spring and an infinitesimally light was and wt- moved
the base, then we would move the mass at the sarme velocity and with the some displacement time relationship. The forces
acting on the mass would have to be equal to the mass times the acceleration of the ground to make it move that way,
theorefore, the force of the spring is a measure of acceleration. This, of course, is the way an accelerometer is designed.
The only reason we have the little bu-nps on the curve is because of the discontinuities.

In between the two extremes, we get a result that gives us something an the order of 1.5 to 1.7 for the ratio of
the pseudo-velocity to the maximum ground velocity. There is a little amplification here. The amplification gets
progressvely higher as we go from left to right or as we move from displacement to velocity to acceleration. The folla* fr-g
equations express the relatkc ship between the pseutdo-velocity and relative displocowient:

V = 2JrfD (14)

and betweein the acceleration and the other quantitisk

A =(2Vf 0 2-2fV (15)

whee f Is the natural frequency and A is a dimensionless occeleration parndamet.
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Figure 23 shows a set of relationships for a much more complicated shock input. This is the north-south direction
ground motion that corresponds to the El Centro earthquake record of May, 1940. The series of curves are for various
amounts of viscous damping from no damping (O = 0) for the upper curve to 40% of critical for the lower. You see that
they all have the same general nature. All of the curves, regardless of the amount of damping, come down to D/yo = I
and approach this for relatively low frequencies. They all approach A/o- 1 for relatively high frequencies. They
approach some amplification factor times the maximum ground velocity for intermediate frequencies, and that amplification
factor is 1 for about 20% damping. It is as high as about 4 or slightly more than 4 for no damping. The amplification
factor in terms of acceleration along the = 0 curve at one points is about 9. This is an indication of the amount of
resonance in this long earthquake of about 28-30 seconds duration. However, even that is not a great deal. For simple
types of input like those arising from blast or shock, we would not expect such high amplifications.

Figure 24 is one of a series of approximate sl)ck spectra that have been determined in a study by Professor A.S.
Veletsos and myself for the Air Force Weapons Laboratory. We can sketch a spectrum in this fashion if we know the
acceleration, velocity and displacement curves. It is valid for all types of displacement for which there is no recovery
from the maximum, or else a small recovery. On the left, we approach D = Yo, the maximum ground displacement. At
the top, we get to about 1.5 times the maximum ground velocity. On the upper right we have about twice the maximum
ground acceleration, and finally on the lower right, we get only the maximum ground acceleration. With very good
accuracy this represents the results for almost all of the kinds of inputs we get from shock due to nuclear blast. There are
more complicated situations considered in a report which will be issued soon by the Air Force Weapons Laboratory.

The system to which the shock spectrum corresponds is shown in Figure 25. It is comprised of a movable base
whose motion we Iriow ano a spring, a dash-pot, and some supported mass. This represents a piece of equipment or an
internal part of the structure.
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Figure 26 gives a description of the respolse spectrum we con
use for damping of the order of 5% or 10% and fow the kinds of motion S;rng
we get in nuclear boasts. Error$ will not be more than obovt 30% in
general, and will prababiy not be greater than the uncertainty in the
input Parameters. On l.4 left hand side of the shock spechum, we
have a line that co€esparis to a maximum displacement or. this three-
way chart equal to the -noximum ground displacement. On the top, we
have a spectrum velocity 1.5 times the maximum ground velocity. On
the right hand side, we hove a spectrum acceleration equal to twice -y
the moxinum ground acceleration. We omitted the transition and the u a X - Y
section where we have only the maximum ground acceleration because
it probably is not impoartnt. In that range, it is very easy to take
account of the acceleration$. The norfil fastening of the element Fig. 25 System Considered
to a wall gives a good deal of damping to that it really doesn't matter
to much.

Since the preceding discussion was for elastic situations and since plastic action will often occur, what we are
really concerned with is whqt happens in on inelastic system. Figure 27 Is a plot of the curved elastic force-displacement
curve for a spring, and a replacement of it by on elastplostic relationship. The important thing to reme"ber is that there
is an arbitrarily defined yield point such that the area under the replacement curve up to this point is the same as that
under the actual curve. This Uy, ot yield dispIocement, mos a certain R%.'iitvde, and the maximum displacement that we
are going to permit in our design is the quontity As times the elastic limit value, wher ,& is a sort of ductility factor.
For & - 1, we have elastic action; for j" = 10, we have a very highly plastic action appr aching an infinite value.

The earthquake spectrum is much more co"plicated than the nuclear shock spectrum. beca•us they give about
the saen general results, the shock spectra shown in Figure 28 for the El Contra earthquake can be used !n our discussion.
These give directly the elastic components of motion. We would have to multiply each of ths curvet by ju to get the
total motion and dihplacement of the spring, but we can use these elastic componerts directly to get aocelerations. In
Figure 28, the top curve q& = 1) is the same as the curve for S - .02 in Figure 23. The other curves in Figure 28 are for
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various values of /L from 4A =- t (b) Equivalent Elosto-Plasthc Relation
kL-10. Figurwe 29 demonstrates

thew, results better. On the left,
the total displacement is preserved.
In other words, the displacement of
both the elosto-*~Iatic system and- - -

the elastic system are about the
some. We can, therefore, infer
what the elastic cofrponent of dis- (a) Actual Relation
placement Is, or what the occelero- 41
tion is, by dividing the elastic
response by tf,* ductility factor AA~
for which we need to design. On
the extreme right, the accelerations
are the some for both systems and
ore e*ua to the maximum ground
accelerations. In other words, if
the inelastic spring can carry the C ofl ur Um iuu
force which corresponds to the mass
times acceleration, it will do so and
althouh it will have an extremely Dii p1 ce ment
large displacement, the acceleration
is not reduced even though the spring Fig. 27 Replacement of an Inelastic Load-Deflection
Is Inelastic.* In between, we hove a Relation by an Elasto-Plostic Relation
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SOIL-STRUCTURE INTERACTION

transition and somewhere here we can deal with the energy being conserved. Actually the conservation of energy is not on
the safe side in the low frequency range. It is on the safe side in the high frequency region and it is a gocd approximation
to an interior or intermediate region.

Therefore, we can, in general, divide response spectra up into three parts: on the left, we have low frequencies
and we conserve displacement; on the right, we have high frequencies and we conserve force or accelerations; in the
middle, we have intermediate frequencies and we conserve energy. We con now deal with any inelastic system subje,.ted
to shock without difficulty. This means that we can conserve one or the other of these quantities as shown in Table 4.
With being the ductility factor, we note that when displacement is conservef, the total displacement is the orrme for the
elasto-ggij response relative to the elastic response. When energy or velocity is conserved, the total dispiocenmin, r-tto
is hI/ • and the acceleration ratio is 1/" 2 1/- I. When force or acceleration is conserved, the total displacement
ratio is A and the acceleration ratio is I. Thus, we can design an inelastic support, if we wish, by taking these factors
into account.

TABLE 4

Elosto-Plastic Relative tc Elastic Response
Quantity Conserved

Total Displacement Acceleration

Displacement /i,04

Energy or Velacity I/ 1F

Force or Acceleration 1 I

When we are dealing with the design of an underground structure, even though we may have token into u..count
the situation as far as motion is concerned, we must take into account the relative motion between two points under
transient conditions if we are planning to connect those two points together In any way by wiring, duct work, pipes, or
anything else. Figure 30 illustrates two such points, a and b, in a structure where we know the free-field motion and how
it is changed in the structure. In other words, it is not appropriate to assume that these wil deflect in phase, even though

':0 .' /--

tp /
/ /

Fig. 30 Relative Displacenmnh within a Structure
A--ociotad with Struch.tol Distotin
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they may houve the some frequency. They can get out of phase. ThLUS, we must provide for relative displacements between
the two points corresponding to the deformation of the structure and the deformation of any piece of equipment mounted on
a ipring that oscillates when supported at that poink. In gereral, we must provide for the sum, of the atsolute values of the
~ifaximum excursions when we interconnect anything. Otherwise, we will get into trouble with brealning pipes and wires

an! c forth,
Figure 31 is merely an excuse to talk about certain other things I have negjlected up to fhow. Th~s shows a box

restinp on a relatively hard stratum surrounded by a softer stratum of material . Under these conditions the deformation of
the soft Otrctur is not transferred completely to the box because it is suppr.-rted rather wel! cr tha hard stratum. But be-

f.-),4 1: u s-.,j,-,orted in a Flashis-o different fror, the mitterial oloni' side it, there ~. oil be ihý-striohnsmitt4*d along the sioes;
negative skin triction if you will. This is akin to the old problemn of the C.A-,e a pi~e plck,.- up wlrrn the emarth around it
settles relative to the poent of the pile. We hoive to take this into account in the design of t-e structure.

The displacement of the bottom- of
0, s stri~c týre is governed pri marilIy by the
displocemrent of the hard stratum. It is
determined by the deformation of the structure GROUND SURFAICE
and also its base. In many cases we can treat
this structure as if it were a stratum of soil,
particularly when it is sufficiently large. For
a given force applied to the roof, we have a
certain farce at the base which gives us a
deformation. We con, therefore, get a sort
of equivalent modulus; we can also get anSTA M I
equivalent density from its total weight TmI

divided by its total cross-sectional area. We
con then compute a seismoic velocity for it. ___________

We find that in miany case it is comparable
to that of a mnoderately stiff or moderately soft
soil. Some calculations that lyve mnade for

respresentativet buildings give values of the [ ~
order of 3,000 to5,ODOfeet persecond. We
con then view this as if it were a stratum of
material and deal with reflections from it.

When a shoock or pressure wave comes
down through stratum I and reaches stratum?2SR~u
there is a reflection. In other words, Owee is TAU 2
a partial h'arismrittal and a partial reflection
at the surfac, of stratum 2. If this were an
infinitally rigid material there would be a
reflection factor which would do,ýtble the
stress ot this point and also the velocity would
become tero. Fg 1Efc fbra nIeaiey tSi

There Is a change in both velocity Fg 1Efc fSra nRltvl otSi
and stress which must be taken account of
when we deal with the phenoomena that occur here. If a stress which has been reflected at stm~tum 2 it coming bock to the
suirface and hits the structure, there will be a negative reflection and the stretss goes bock an.J forth. In this cam, we
find that the rmqnitude of the strain oscillates about some level, I.e., the soeo level which itI would harve if Ohee wene
no reflection. For mamy purposes, such as computing displacemeiint, we can forWe about the reflection. However, if we
want to compute pawtkaei velocity and acceleration we "tust take it into account because instantaneous values do not show
these phenomena. Whari we look at a relatively thin structure. oawiming that there is no undrlMying stwot", the stress
hits the tap of I! and tries to move the whole structure. Ther may be, over an infinitesimally smiall period of timie, a
sort of refler~iaon. If thei shooch wave were preseniit, there would be reflection. In th absece of a shoac wave, this
structure moves with the underlying material. Consetauesntly. W4e not effect it a fth smaller reflection factor, apprtoaching
almor-1 rcone at all. This has happened In structure an which we have not been Wbe to measure reflectionst and this, I

;I~,is completely consistent with the facts t'hat th structure Itself has a sort of equivalent seismic velocity an~d mass
which mugi be taken Into account.

A final point is desrable to make. The base of the stvvcture in Figure 31 was a slab. If it had ieni * weiss of
footings we would kove some design pr'oblem, to provide for the properi motkios and displacement of the footingis. If it is
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a complete slab then rle design problem, nith6ugh it is complicated, resolves itself into oa *• of judgement. We cor see
the we need not ysve the footing any stronger than the roof, so that even though it looks like we might get large
displacements, the whole areo is loaded and the displacernaot wil be no greater than in the soil around it.

This brief introduction to the Symposium was intended to give a survey of the problems involved in soil-structure
interaction. The papers that follow will give detailed results of research studies and design applications.

Nathan ' New-mark, Professor of Civil rIgineering arnd Head of the
Deparrmen, at the University of lliinois, has been a member of the staff at
Illinois since 1930. He has beer' engaged in research and instruc-?ion in
structural eng'iec-;:-j for 'is entire coreý.r, cnd has been in charge of tte
Structurcl Research Laborator/ since 1946. In 1955, Rutge-s University
conferred the honorary degree of Doctor of Science on Professor Newmark,
who received his Bocheior of Science degree there in 1930. In May 1962,
Dr. Newmark wi elected a Fello. of the Arei icon Academy of Arts and
Sciences, anc' in April 1964 he was nalec to a Committee of Twenty-Five,
appointed by the Nntionul Academy of Sciences, to select the charter
members of a National AL-•demy of Engineering. He is the athor of over
145 papers in the IFields at stru.uri• analysis and Iesign, applied mech-anics,
Iumericol tnetoccds of stiess onaiysis, snd effects of impoO', sh•ok, vibration,
wt.e action, blast and earthquales on structures. He hcs served as a con-
sultant to a great many industrial organizations and a number of government
agencies in these fields. He has ý,een a member of coonsulting boards and
panels for many of these groups and has been associated with nearly Cl1 the
nuciear field test programs dealing wivth effects on structures.
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CHARACTERISTICS OF STRESS WAVE PROPAGATION IN SOIL
by

E. T. Selig*

ABSTRACT

A review is made of ine basic characteristics of slock induced stress wove propagation theories and previous
research. Attention is primarily devoted to the situations where the slope of the stress-strain curves of the soil decreases
with increasing stress or strain, i.e., negative curvature. The effect of elastic, viscoelastic, plastic, locking and general
nonlinear, inelastic behavior is discussed. The phenomena are further illustrated by wave propation experiments in long,
horizontal bars of dry sand confined under constant lateral pressure with one end subjected to dynamic loading from an air
shock tube. The observed results are compared with theoretical predictions. It is shown that the major features of the
observed strems waves can be explained on the basis of the characteristic nonlinear, inelastic stress-strain behavior of the
sand without the inclusion of time dependent effects.

INTRODUCTION

The pL-rpos-e of this paper is to present some of the basic characteristics of stress wave propagation in soils. Con-
siderable attention is given to previous work on the subject and the various basic theoretical approaches are summarized.
The phenomena are illustrated by experiments of shock induced wave propagation in bars of sand. The particular lateral
boundary condition of constant confining pressure was used, hence the experiments were not strictly one-dimensional.
However, the results are useful in evaluating both constrained and confined wave propagation in soils.

A nonlinear, inelastic theory of wave propagation is co rrared to some of the experimental results to establish
the validity of the theory and the significance of the important phenomena. On the basis of this agreement, the theory
is extended to show the influence of the soil strcss-strain characteristics, specimen boundary conditions and applied loading.

The general definition of stress waves includes the special case where a stress discontinuity or shock exists. It
will be shown that even though shock loading is applied to the soil the induced stress waves wil not necessarily be shock
waves. The nature of the wave depends upon the stress-strain characteristics of the soil--in general, for the condition of
constant confining pressure, shockwaves will not be transmitted through the soil.

WAVE PROPAGATION THEORIES

A detailed -liscussion of stress waves in solids has been presented by Kolsky (1). In a medium that cannot sustain
finite shear stresses only one type of wove, a pressure wave, can be propagated. It travels with a velocity
where k is the bulk modulus and p is the density. In isotropic solids of unlimited extent two ts of elaslic waves
may be propagated. These are dilatationa) waves which travel with the velocity [(k + 4P/3)/p] ', where /S is the
modulus of rigidity (or [ ( A + 2 .)/p] 1/2 where A is Lame's constant = k - 2/3 P), and distortional waves which
travel with the veloity (/./p )1/2. In addition, elastic waves may also be propagated along the surface of a solid.
These are called Rayleigh waves, and the disturbances associated with them decay exponentially with depth. Because
they are two-dimensional they attenuate less rapidly with distance thor. the other types of elastic waves.

The particle motion of the dilatational waves is along the direction of propagation. The particle motion of
disrortional waves is perpendicular to the direction of propagation. The particle motion .n Rayleigh surface waves is in
the plane perpendicular to the surface along which the waves are traveling and parallel to the direction of propagation.

Real solids are never perfectly elastic; instead, there may be hysteresis in the load-unload cycle or viscosity
resulting in a dissipation in energy. Many materials also show mechanical relaxation whereby the strains, produced by
application of a sudden fixed stress, increase asymptotically with time and the stresses due to application of a sudden
fixed strain relax asymptotically with time. Stress waves with periods close to the relaxation tine of such a medium are
significantly attenuated in the medium.

In materials having nonlinear stress-strain relationships, shock waves and plastic waves may be formed. Shock
waves may occur where the sviffness increases with stress so that the higher intensity portion of a pulse travels faster than
the initial portion. In a material which is elastic up to a certain stress and then plastic, an elastic wave is propagated
through the medium followed by a plastic wave of lower velocity.

* Senior Research Engineer, lIT Research Institute, Chicago, Illinois.
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Elastic Waves
The implest theory of longitudinal wove propagation in a horizontal column or cylindrical bar is that for a

perfectly elastic material. This case is governed by the well known wave equation
2 2

P - 2 E -7(1)
c1u= E 2

atax

where p is the material density, E Young's modulus, u the displacement of a cross section, x tffe position along the bar
and ` time. It is assumed that plane cross sections remain plane, that the stress is uniform over the cross section, and
that the wave length is much longer than the bar diameter.

Extensions and contractions in the longitudinal direction will be accompanied by contractions and extensions
in the transverse direction. Therefore, when the wave length is of the same order as the bar diameter, the stress will
become nonuniform on the cross section, and the plane cross sections will become warped.

The solution of Eq. I may be written

u = f(Cot - x) + F (c t + x) (2)

where c , th'e velocity of wave propagation, is equal to V/p
afhe following observations can be made from these equations:
I . The stress at any point is proportional to the particle velocity.
2. Since the wave velocity is independent of the frequency of the stress, a stress pulse will travel

without distortion.
3. The shape of the pulse reflected from a free end is the same as that of the incident pulse, but opposite

in sign, i.e., a compression wave will be reflected in tension. The particle velocity and displacement
at the free end of the bar are twice thos.• along the bar.

4. A pulse is reflected from a fixed boundary unchanged, i.e., a compression wave reflects as a
compression wave. The stresses at the fixed end are double those when the pulse is traveling
along the bar.

When the wavelength becomes comparable with the lateral dimensions of the bar, the velocity of longitudinal
waves depends upon the wavelength and at very short wavelengths they travel with the velocity of Rayleigh surface waves.

Viscoelastic Waves
One well known departure from an ideal elastic solid is a viscoelastic material. In such a material, energy is

dissipated through viscous forces. Maxwell (2) was one of the first to suggest a time-dependent stress-strain relitionship
as mare closely approximating the behavior of a real solid. He proposed a relationship of the form

dc" dG #. "a= E* (3)

where E* is the crppropriate elastic constant and 7 is the relaxation time. Thus, when a stress is applied for a time
which is short compared to r , the behavior is like that of an elastic solid, while for times long compared to r the
behavior is like that of a viscous liquid.

Three models of viscoelastic solids are shown in Figure 1. The simplest model is the Maxwell solid (Figure la)
consisting of a spring and dashpot in series. For the Voigt solid (Figure 1b), the stress is equal to the sum of two parts,
one proportional to strain and the other proportional to strain rate. The Maxwell model represents stress relaxation while
the Voigt model represents creep. The internal friction or damping capacity of the Maxwell solid varies inversely with
frequency while that for the Voigt solid is proportional to frequency. Experimental evidence indicates that for most
solids, neither is entirely correct and damping capacity is often roughly independent of frequency (1). A mare general,
but more complicated representation shown in Figure ic combines the features of the Voig.t and Maxwell models in an
attempt to more closely represent true behavior.

For the Maxwell model, the stress asymptotically approaches zero when a constant strain is applied, hence, the
model does not transmit static stresses. In practice, it hat, been observed that a finite stress usually results. The Voigt
model does not represent stress relaxation, since if the strain is fixed the stress is fixed. Another disadvantage of the
Voigt model is that it transmits step pulses at infinite speed, i.e., there is no upper bound to the wave propagation
velocity. By placing a spring in parallel with the Maxwell model and a spring in series with the Voigt model, these
deficiencies are overcome and the two resulting models are mechanically equivalent (Figure 2).

Hillier (2) has derived the equations deicribing propagation of longitudinal waves in modified Voigt viscoelastic
element shown in Figure 2b. The wave velocity and damping of the case where the two springs have equal stiffness are
shown in Figure 3 as a function of frequency of applied pulse, p. In Figure 3, T is the 'ýretardation time," c the wave
velocity, co velocity based upon the stiffness of one of the two springs alone, and Cc the attenuation factor.
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Damping is a maximnm when the period of the vibration is about equal to the retardation time, and falls off
rapidly for increases or decreases from this value. The velocity increases significantly with frequency. For very low fre-
quencies, the veloc'ty corresponds to that for the two springs in series without the dashpot, while for very high frequencies
it corresponds to that with the spring in parallel with the doshpot inoperative. This velocity change is analogous to the
dispersion in a perfectly elastic rod when the wavelength is of the some order as the diameter. However, the effects on
velocity are opposite, high-frequency waves traveling faster than low-frequency waves in the viscoelastic solid and slower
in the short elastic rod.

Lai and Sauer (4) have computed the transient stress, strain and particle velocity response of a semi-infinite rod
represented by the standard, linear, viscoelastic model shown in Figure 2. This is the simplest model which has a finite
wave propagation velocity and will support load without infinite creep. The stress-time history applied to the end of the
rod is characteristic of an air blast from a nuclear explosion.

For a step pulse applied to the end of the bar the stress variation with time at two points along the bar are
compared for the elastic and viscoelastic models in Figure 4. As the distance along the bar irtcreases, the initial jump
in stress decreases and the time to reach the steady-state valje increases for the viscoelastic material . The wave remains
unchanged for the elastic modei. The strain and particle velocity vary in the some manner with time.

The stess variation with time for several wave forms and one position in the bar is shown in Figure 5. The stress
jump is the some in all cases. For the step function, the stress increases monotonically to the maximum value. For the de-
caying loading pulse the stress first increases and then decreases as it approaches tne loading pulse asymptotically. However,
as the decay rate increases the point of maximum stress approaches tie wave front so that the jump value becomes the
maximum value, The some trends occur for strain and particle velocity.

1 Z 3

[ -- x

Elastic

t ~Vie c oelastic

a) Poito 1 )Ptto )P~to

a) Position Ib) Position 2 c) Position 3

Fig. 4 Attenuation of Stress in Viscoelastic Bar (4)

Applit'd Waie Forms

S~Stress Variation

Time, t

Fig. 5 Effect of Wave Form on Shrs Variation (4)
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The stress variation for one wave form and several
positions along the bar is shown in Figure 6. With increas-
ing distance, the stress jump value decreases, the point Increasing Distanrv or Trýiýc
of maximum stress occurs at increasingly greater times

after the wave front, and the stress values overshoot the
loading pulse. The attenuation of the maximum stress
with depth is shown in Figure 7 for a given wave form. As "
the degree of viscoelastic behavior increases for a given
position and loading pulse, the maximum strain and particle t-
velocity increase, and the rise time for maximum stress-
strain and particle velocity increase.

Typical stress-strain curves are shown in Figure 8
as a function of degree of viscoelastic behavior and wave
form. The greatest hysteresis occurs for the slowest decay
rate of loading pulse in the model which is least elastic. _

Plastic Waves Time, t

Waves in materials with nonlinear stress-strain Fig. 6 Attenuation of Wave Form with Distance (4)
relationships and hysteresis present a much more complex
analysis problem (I). The first problems considered involved
stress increase, orly, applied to infinitely long wires or rods
assuming 1) a single-valued stress-strain relationship with a
decreasing slope after the elastic limit, 2) non-time-
dependent stress-strain response, and 3) a cross section E
sufficiently small that the effects of lateral inertia could be t
neglected. Under these conditions, an elastic wave will
be propagated at the fastest velocity followed by a transition •
zone and then a plastic wave at a slower velocity deter-
mined by the modulus of the stress-strain curve.

The next stop was to consider a finite length of E
pulse so that unloading occurred. For the stress-strain
relationship assumed, an unloading wave will travel down 0
the rod at a faster velocity than the plastic wave. It will :

eventually catch up with the plastic wave, producing on Increasing Viecoeaastie Behavio
internal reflection. This causes a plastic wave of lower -"

Intensity to propagate forward and an elastic wave of the Distance
some sign to propagate backward. For a finite
length rode eiustic and plastic waves will also be Fig. 7 Attenuation of Maximum Stress with Distance for
reflected ftom the end in a manner depending a Given Decaying Wave Form (4)

upon the end conditions.
A different situation occurs with a material

whose modulus increases with stress instead of de- 1
creasing. In this case, the larger stresses will- . - --.. . . .- -

travel faster than the smaller ones, eventually -Increasin
overtaking them and creating a .teep front or shock. Decay
The thickness of the transition zone containing the R ate
shock front depends on the properties of the mediumb -I'

and is governed by the extent of energy dissipation. -I
The latter can be quite significant because of the \ 3 | . '
high velocity gradients existing at the shock front. k9 -

The general theories for plastic wave I - - "/
propagation in rods have been reviewed by 4 op .-"
Turnbow (5). Consider a typical stress-strain curve 4 .
whcre the slope decreases with increasing stress - .0 wGreater Viocoelastic

(Figure 9 a). Applying Newton's law to a region of
tn*e rod acted on by a net stress AC at a stress Behavior

level " , (Figure 9b) one finds that

Strain, a
Fig. 8 Viscoelastic Stress-Strain Response (4)
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Wave Velocity

b) Propagation Veloc.ty of Disturbizn,

Fig. 9 Derivation of Wave Propagation Velocity (5)
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C _P' (4)

where c is the velocity of propagation of the disturbance tAcr and the tangent to the stress-strain curve at
For the elastic case, Eq. 4 reduces to

c = C(5)

For a material with a stress-strain curve consisting of linear segments, the velocity of portons of the applied stress
pulse within these segments would be constant and the pulse would propagate in a series of discontinuities. Several
examples are illustrated in Figure 10.

Donnell (6), noting this decrease in velocity with increase in stress due to the nonlinearity of the stress-strain
curve, pointed out that at high enough rates of loading energy would be "trapped" in the region of the loaded end of the
bar, causing failure near the end when it otherwise might not occur. This mechanism explains observed failure at high
rates of loading without resort to strain-rate effects.

When the slope of the stress-strain curve increases
with stress, a different situation occurs as indicated pre-

viously. The overtaking tendency of the portion of the wave
at highest stress levels maintains a sharp fronted wave
traveling at a velocity governed by the secant modulus of
the stress-strain curve. Several examples are given in ! P

Figure I1 . The shaded area on the stress-strain diagram
represents unrecoverable thermal energy dissipated in the
form of heat.

The three basic theories of plastic wave pro-
pagation in cylindrical bars are known generally as the a) Elastic Material
von Karman theory, the Malvern theory and the Prandtl
theory. They differ only in the assumptions covering the
stress-strain relationships (5). This problem is governed
by equation of motion

a 0- av
3,x " 7t" = 0 (6)

and the continuity equation V.•7,

av v 0  (7)2

at ;x
where v is the particle velocity.

It is assumed that 1) the stress is uniformly dis- t

tributed over the cross section, 2) there is no internal P

damping, and 3) kinetic energy due to lateral motion is
small with respect to longitudinal mot'on.

The van Karman theory (7) assumes a stress-strain b) Bilinear Material
relationship independent of rate of loading. This theory
has been shown to approximate certain observed behavior,
but Dewez and Clark (8) have also shown some results
with iron which indicate large strain-rate effects.

Malvern (9) extended the theory to apply to -
materials in which stress is a function of the instantaneous 2 L2

plastic strain and strain rate. He considered the static
stress-strain curve, 0' = f(c), as a set of equilibrium states
with plastic flow occurring only when 0" > f(c). The
stress-strain law Is then V--

Eo ý-tt =t+.o g goq) (8) _
o at at

where E. Is the elastic modulus of deformation. The '-"

function g( a,g) Is the strain-rate function and is 0) Nunlhnear N4Mate ri i

defined as
Fig. 10 Propagation of Step Pule in Rods of Various

Stres-Strain Characteristics (5).
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fo r o - >_ F( ,) (9 )g(ce) =k [a'- f(c)] fo '>f (9) 'r~,, -

g = 0E)o for a- < f()

The l•tter condition reduces Eq. 8 to the elastic E
case. Although some of the characteristics of I
observed stress-time relationships were predictej, T
because of the use of a I iear strain law the
Malvern theory did not predict other important / E t
features of plastic wave propagation. This method I __

does appear to be a plausible nosans of introducing
strain-rate effects, however,' because the rate of tir'
increase of plastic strain is proportional to the t x

amount by which the instantaneous stress 0o
exceeds the static stress f(e) for the some strain, a) Bilinear Material

Prandtl (10) predicted, on the basis of
kinetic theory, a dynamic stress-strain law which
assumes that the excess siress above the static
stress is a logarithmic function of the plastic
strain rate, i.e.,

g(o-,E) = k1 Ixp k 1 (10)

L' 2 ]1 E

tialvern's theory is a linear approximation of
Prandtl's theory to simplify numerical computations. VT

Plass (I i) compared the Malvem and
Prandtl theories. He showed that moderate
change- in the shape of the static stress-strain
curve does not appreciably effect the stress,
strain, and particle velocity distribution; however, .
the linear and exponential laws give slightly
different shapes to these distributions. X

The strain-rate theories, in effect,
assume that the material reponds elastically under t) Reversed Curvature
instantly applied forces and that time is required
for plastic flow to occur. The non-strain-rate Fig. I I Propagation of Step Pulse in Rods with Stress-Straia
theories, such as von Karman's, assume that Curves for Increasing Saupe (5).
plastic deformation can occur instantly. This
point was investigated by Sternglass and
Stuart (12), who prestressed a copper strip into the plqstic re-ion and then measured the velocity of propagation of
superimposed soall onplitude waves. They found ,hat the wave front traveled at the elastic velocity and that the
velocity of every part of the wave was much greater than the theoretical value given by the tangent modulus at the
existing stress level. These results clearly contradict tWe, von Karman theory.

A further comparison of the two theories was mode by Karnes (13) in connection with impact studies on short
cylinders of copper and lead. Hte concludied that the von Karman theory predicted the variation of strain witt' time
with reasonable accuracy except 0", the vicinity of the impact. This theory could also predict the same stres-time
variation as the strain-rote theory V' a finite rise time is used instead of a step-loading pulse and if the static stress-
strain curve is modified to make it "dynamic" by a pmportionate increase in stress for a given strain. It was concluded
that ne~ther theory *atisfoctoriiy explained all of the observed behavior and that radial inertial effects would have to be
included in the anolysii to properly compare theory and experiment.

The propagation of plastic waves in struin-rate sensitive materials was considered further by Tapley (14). An
investigation was mode of the effects of lateral inertia on propagation of a plastic dislurbance in a short copper bar
impacted with a rigid ram. The static stress-strain curve of the material was used and a linear strain-rate low assumed.
The resu{rs were computed from both the elementary Malvern theory and a theory including the effects of radial motion.
Both a stop rise and finite rise in velocity at 1he impact end were assumed.

A comparison of theory and experiment showed that the theory incorporating effects of radial motion and finite
velocity rise ogrees better with experimental results. The primary effects of including effects of shear and inertia
associated with radial motion were found to be:
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I . A reduction in the magnitude of the predicted axial stress, strain and particle velocity at a given time.
2. A more oscillatory history for the magnitude of the axial quantities due to the influence of radial effects.
3. The appearance of a dilatational and distortional propagation velocity instead of only the 'bar" velocity.

MIT Exferi ments
An experimental study of stress wave propagation in constrained bars of sand was conducted at MIT (15, 16).

These wave propagation tests were designed to permit the study of the interrelationship between the stress-strain
characteristics and wave transmission phenomena. The testing was limited to dry sands, principally a 20-30 mesh Ottawa
sand. Short duration loads were applied by a 50 pound ram striking against one end of a horizontally positioned, long
cylindrical sample of sand confined under constant pressure. Impact velocities up to 100 inches per second were possible.
The samples were 2 inches in diameter and were as long as 32 inches. Confining pressure was applied to these samples
by evacuating air from the interior of the sample. Measurements were mode of the impact velocity of the ram wave pru-
pagation velocity and the stress-time relationships at the impact and reaction ends of the specimen.

The wave velocities computed from these tests ranged from 1080 to 1420 fps with the majority of tf.e values fallirg
around 1250 fps. A pronounced initial stress peak was developed at the impact end of the specimen. With the higher
impact velocities, this peak was several times the strength of the sand under static loading. This phenomenor: was
attributed to the inertia of sand against lateral expansion and the frictional restraint of the end cap.

In general, especially with lower impact velocities applied to the shorter samples, the impact end stress-time
curves dropped to a minimum after the initial peak and then began to increase once more. The second increase in the
stress level was thought to be the result of reflection of the pressure waves from the fixed end of the sample. It is ,uggested
that the stress levels which would have been induced in the samples by various inpact velocities hod there been no lateral
inertia or strain rate effect are best represented by the stress level immediately after the peak. These values were seen
to increase gradually wirh an increase in initial impact velocity. Many of the stress-time curves for the reaction end
show a well defined lnee in the rise portion.

The primary objective of these wave propagation tests was to permit observation of the mannrr in which a
pressure pulse is attenuated by a column of sand. From the theory of wave propagation in a viscoelastic medium and con-
sidering the relaxation time associated with lateral inertia effects in Ottawa sand, it was concluded by the o.ithors that
the reaction end stresses observed in the tests upon Ottawa sand 3hould not be significontly eftected by the lateral inert'a
effects on the impact erd. Based on the comparison of the experimental results with the theoretical equations for plastic
and viscoelastic wave phenomena, it was concluded that there was evidence of both plastic and viscoelastkc waves in
the column of sand.

Smith and Newmark (17) mode a computer investigation of one-dimensionil stress wave prooxigation in lin*-jr
viscoelastic materials. The results were compared with observed behavior in several moterioi' i-cluding Ottawa sand.

The approach was to divide the continuous mass of the columin of material into a xinter of lumped mosses
connected by springs and dashpots. The effect. ,f lateral ine;or *ere iwiejcted. The response oi tre system to a given
dynamic force applied at one and was detenrined by numerical integration. A major limitoti i of the viscoelaiiiic model
is that it does not account for the effects of nonlinear stross-strain characteristics and the ch•Vng in yield stess with
strain rate. To approximate these effects a yield stress which increases with strain rate woo incorporated into the spring
elements which were given trilinear characteristics.

The viscoelastic-plastic model of Smith and Newmark was compared wit, the remulti of the MIT expieriments.
The high initial itress peaks at the imnoct end coild not be predicted by the theory if fe major features of th remaini
of the stress pulse were represented. This dis.repancy was attributed to latorul irertia in the wnd coluvmn an the
initiation of Impact.

The results of wave propagation in a variety of hypothetical soils were eoa;,'*tfd. T19 following observations
were mode.

I. The amount of stress attenuation can be increed by inceasing the relaxation time or d4emrosng
the spring stiffness ratio. Bath tend to increase th hy-steresit loop a"n sprad the wave out.

2. Coulomb damping decreases the stres propagated without cha•ing the gonera, shape of t6 stres •ave.
3. In saolls whose stiffnoe increases with depth the stress may increase with depth, but the accelerations

decrease.
Parkin (18) developed a strain-rate sensitive model for one-diernsional wave prapqtion and comprqared the

predicted behavior with the results of the MIT e*pwriments. He ,..•. srtad tha the initial sharp stre peak observed
in the experiments con be explained without requiring th prewsce of lateral inertia as uggested by Smith and
Newmark (I7). Th1 apprach of Porkdn is patterned aftec that af Malvem (9). The boundary conditions in the theoretical
model incorporated the stiffnes and mm of the gauges at the ends of the specimen uved in th e weriments.

The results of the analysis showed that it is possible to .ktoi.n excellent agreeme't betwoen the themyr and
experimental values of peak i.pact stress in srods over a range of impact velocities firn 20 to 100 ips without the use of
lateral inertia effects. This does not, of coune, disprove th, lateral inertia hypothesis, t 4 it does indicate that tht"e
are ot,4r pouible explanations of the observed phenomenon. The authar points ost that te torin-tate theory is not a
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plysical theory and no hypothesis concerning the origin of strain-rote sensitivity in dry sands is proposed. Proof of the
existence of strain-rate effects in sand would give further support to the Parkin approach. in fact one might qvjestion the
aiscard of the lateral inertio phenomena that are known to exist in reality, for a strain-rate mechanism whose significance
hos not beer astoblished.

Whitman, in a discussion of Parkin's paper (18) presents two reasons for the occurrence of the initial stross peak
at the impact end of he sand column. The first is due to the frictional restraint of the impacting mass to lateral e .ansion
of the soil column. Until the wave travels several diamneters along the specimen,, the sand acts as though it were confined
by the friction. The second is due to lateral inertia which effectivejy ;ncreases the specimen confining pressure. Thus,
at h*h enough impact velocities the stress should rapidly rise to a value above the static strength and then decrease to the
static value after the loaerol expansion has hod time to take place. This is exactly the behavior observec in the tests.
Approximate calculations of the time required for tme lateral ioiertia effects to dissipate gave a range cf 0. 1 to 0.4 nmec.
The actual recorded deca, Cmes "or the stres peak -ere around 0.4 rmec.

Locking Materials
The concept of a 'locking material" has been applied to plastic wave propagation in maternals. Ideal locking

materials were lIntoduced by Prager (19,20) who considered the material to have properties such that beyond a certain
strain, strev increase occurred witho,,t further increase in strain. Examples of idealized locking materin. are shown
in Fiqure 12.

IT

tt

Fig. 12 Woolli ed lock W-9 Mo•raols
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Solvadori, Skalak and V. idlinger (,21,22)
have developed equations for the propagation of waves
and shacks in locking and dissipative medic. The first
motarial considered has the stress-strain characteristics
shown in rigure 13. For an applied stress pulse in
which the peak stress is greater than Pcr, supersonic

shoa-k waves will be genernted, with the materi,!
ahead of the front being in the, undisturbed state
(density ý Pi) and the material behind the front com-
pacted into a rigid body of density P c. For peak
stress between %o and Pcr, a subsonic compaction /
front will develop preceded by on elastic precursor. /
Elastic waves will bc generated for values of stress
below a0.6

A nurneria ý oxaorrle 3. given for an applied .
pressurf pulse of the tofin tý -ýre 14) /

Fe- (I1I1)

where P is tht r, ýn-dimensional presiure, r is
the non-diimcnsion-al time and p0 is peak applied
Pressure. The str'ss (r at any distance z from, the
loode<o surfece will oiko 6ecuy exponentially in *he 0o 41
compacted region. In Fiqy-;te 14, %is the time when

Cr has decaje(4 to n,,. -ow~ is tk. time when (7 Stra*,n, 4

hos decayed to a-,,; at wh& i~ compaction ceases.
The pc-si! , ln of the vir'tus fronts as a

fun rin of tirne is jiiiuvn in Figu.-re 15., From the
results given by the author%, the styess-tin-.e history a! Fig. 13 Linear-Plastic-Rigid Locking
variov.s ujstonces from the looaed surfnce has been Material (21)
calculated. These curves ame ih~own. in Figure 16
in -ion-dneniuionol form. At time an s r~ la.-;
precurxsor of constant stress separct;:k ou; oi tite wvave
front lea'viV o decaying s.bsooic A aov %;eliind. fhe
step it, tke stress poidse longther^s until ti.- ' at
which time comipocton is cor,914te. After this time
the system, behaves as a rigid mxm t.0e comp --taid
layer) on a ser-i-infinite elastic modivm. A definite
attenuiation is caused by non-roc'eyerabl. corrpoction.
ThroA,9hout the propagation, however, the wave front
remains a shockt front.

T1he second type of medium considered by
Salvodori of of (21) is ch irorir ed b,. the stretss
strain diagrarn in Fg.*v# ';I. Initial iood*,% ocrcvn -T

along. the pali 'QA, unloading~x~r a!"n the
st"epe line A8, and r1?oodirV follows rho path SAC.
The solition is couvied o~t for small strains to that the
donsut-7 -va oe considered ccQnstiynt. .-

Tlhe loodinp portion of oný wavte in such c 7
material will piripagate .withoot distortion 4ollowing;
+. hevk 'tak*-4'qcted in a limear-tiostic -cteiujl
with a Velocity c" .-o,- T)e unloodiv
Portion of thie wave *ill propagate 01,3 veocaly
C) I 1 - 4 The particl .Isooc it) and stvr.s
also obey the elastic wave eq~ations becouse tOw Fig. 14 Applied Presparo Puls (21)
vnlooding stesvo-strain curve is linerw. However, dis-
placement and strain are not go-wrede by *his eqvotion
becowns Ow. stros-stvoi' cu-rve is offset from the origin.
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Fig. 15 Posi.tion of Waves in Locking Material (21)
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Since velocity c 1 is greater than c I the unloading wave
wi!! overtake the loading wave. There will thus be a Eiastic Case
continuous reilection process each time two such waves
meet.

A numerical example was calculated for the
ccse of a surface pressure with an instantaneous rise . PcZrt:a I tL ',tr,
and an exponential decty with time. The variation oR1
with time at the peak stress at the traveling wave front
is given in Figure 18 for the three cases: 1) unloading
modulis eq,ol to loading modulus, i.e., elastic
behavior, 2) ,unlooding modulus equal to twice the
loading modulus, i.e., partial elastic recovery, and 10- Applied
3) infinite urloading modulus, i.e., no elastic . Surface Pressure
recovery. , m- I I

The stress wave (in this case a shock wave) 0 0.1 0. z 0 3 0.4
propagates with the same general shape in all cases,
i.e., instantaneous rise and exponential decay. For Tu;ne, sec.
the elastic case there is no attenuation for the peak
stress. For the inelastic cases appreciable
attenuation occurs, increasing with increasing Fig. 18 Attenuation of Peak Stress at Wave Front
unkoading modulus, until eventually the geneiated stress
wave is completely absorbed. The material through which
this wave has propagated is thus called a dissipative
medium.

Skalak and Weidlinger (22) have extended their
previous work on one-dimensional wave propagation to the
case of a bilinear material subjected to an exponent*ally
decaying pressure pulse on its free surface. This problem
can be solved by the method of characteristics. The b
stress-strain diagram for this material is shown in
Figure 19. Up to stress go the material compacts,
exhibiting an increased modulus, and it unloads along this T

steeper path. As the moduius of the compaction portion u /
of the stress-strain diagram increases, this material become
a locking medium. The results of this analysis are similar /
to those given for the previous examples. Increasing the 0
modulus of the compaction portion of the stress-strain curve C L
relative to the elastic portion results in a greater
attenuation of peak stress and particle velocity. Strain, s

General Nonlinear, Inelastic Materials Fig. 19 Bilinear Stress-Strain Diagram (22)
-he general solution for wave propagation in

nonlinear, inelastic materials cannot be solved by the method of characteristics because of the indeterminacy at points
where loading and unloading waves meet. Heierii (23,24) has developed an alternative approach for one-dimensional
problems which may be used with arbitrary applied pressure pulses, stress-strain characteristics and boundary conditions.
This approach, which may be called "method of impulses,' involves dividing the applied pressure pulse into a finite
number of steps containing a certain amount of impulse.

The method of deriving the equations of conservation of mass and momentum for a region of the material acted
on by a ,*ep change in pressure is shown in Figure 20. The step change in stress is &pi•.1 whirh moves from position
x to x + Lx in time &t. The particle velocities before and after the change are u, and u,+I respectively. The
Eulerian coordinate system is used which means that the position x is attached to the moving particle.

From the condition of conservation of mass the following equation is obtained:

A .+ ( Xi~ + t +) A u.i+L t i+ (12)

From conservation of momentum

APi+l At i+ = PiAxi+1Aui+i (13)
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S 1 x1+!
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Fig. 20 Propagation of Loading Waves (23)
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where p is the mass density. The stress-strain relationship is given by

api+ I Ti.+ A 1i+1 (14)

where T.+i is the secant modulus or slope of that portion of the stress-strain diagram extencing from p) to Apil.
Combining Eq. 12 and 14 to eliminate AC.i+1 gives

A xppI(At + u) = Au T (15)

Now the absolute velocity of the step impulse is the quantity in parentheses which will be denoted c+ 1 . Combining
Eq. 13 and 15 to eliminate A u.+ 1 Und solving for c! gives

•+ Ti+

C;+l' : + -, where (16)

the + signs designate waves traveling in the positive and negative directions respectively. If it con be assumed that u.
is small with respect to Ti+l/p i so that u2 i can be neglected with respect to Ti+ 1/p , the equation reduces to

+ (17)1+1~~ i

Finally from Eq. 13 an expression for u;+ 1 may be obtained in terms of known quantities:

A Pi+l 
(18)

P ,-U. U .

which may be simplified when u i << TI+I/P i to

A i+ Pi+I Pi+1 19
u.+ . (19)

O i "T Ip

Using Eq. 16 and 18 or the simplified versions 17 and 19, the loading and unloading waves can be evaluated in nonlinea.
homogeneous material.

Because the velocity of the unloading waves is greater than the velocity of the loading waves the two will
eventually meet causing an impact which will generate a subsequent reflection (Figure 21). The changes which occur
in this situation must also be evaluated. After impact the stresses and particle velocities in the region between the
reflected waves (shaded area in Figure 21) must be equal. The procedure for calculating the proper stress and particle
velocity is as follows:

I. Assume values of Api+l above and below the impact point which satisfy the condition that the total
stresses ore equal.

2. From the stress-strain diagram determine Ti+I above and below.
3. Compute &ui+1 above and below and from these values determine the total particle velocity

above and below.
4. Continue this process by iteration until the equality of stresses and particle velocities is

satisfied with sufficient accuracy.
It should be noted that a nonhomogeneity has been generated at the paint of impact because the stress-strain

history of the material above and below this point is different. Subsequent waves may be reflected and refracted from
this surface. Such occurrences con be handled in the same manner as the impacting of two waves.

Another situation of interest is the reflection of waves from boundaries in the material. If the boundary
conditions can be prescribed in terms of either stress or particle velocity then the some method may be used for analyzing
this condition as is used for the impactin, of loading and unloading waves.

Although the procedure described above may be time-consuming to carry out, especially if small time intervals
are required for the impulse steps, the procedure is straight forward and is suited to a wide variety of one-dimensional
problems. A number of examples were given by Heierli to demonstrate the application and suitability of the method.
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DESCRIPTION OF EXPERIMENTS

Soil
A uniformly graded, dry Ottawa sand was chosen as the soil to be investigated in the wave propagation

experiments. The particles were generally well rounded and lie within the range of 20 to 40 mesh. The relationship
between the relative density (Dr), void ratio (e), porosity (n) and specimen density is given in Figure 22. The values
of maximum static deviator stress obtained from triaxial tests are shown in Figure 23 as a function of specimen density
and confining pressure.

For several triaxial specimens a deviator stress equal to approximately 1/2 of the maximum value for the
existing confining pressure and density was applied and removed several times in succession and then the specimen loaded
to failure. Two moduli of deformation were determined for each cycle: the initial tangent modulus and the secant modulus.
The secant modulus has been taken as the slope of the line connecting the end points of each cycle. The values obtained
are shown in Figure 24. In general both moduli tend to increase under repeated loading with by far the most significant
change occurring between the first and second cycles.

Pendulum Pendulum impact apparatus

was constructed for use in stress gauge
calibration as well as for obtainina
information on the dynamic stress-
strain and strength characteristics I
of the sand (25). The apparatus No Time
(Figure 25) basically consisted of a -t t + at
steel reaction pendulum with soil
specimen attached and a second
steel pendulum for impacting the I
specimen. The specimen was either
4 or 8 in. long and 2.8 in. in
diameter. The sand was contained U

in a thin rubber membrane and A
laterally constrained by a vacuum Above

applied to the pores.
In operation the pendulums

were first lined up at the bottom of X,

their swing with the specimen
between them. The impact pendulum Below

was then pulled back to a predeter-
mined height and then released to pi AP
strike the specimen. The + __ 1

acceleration of the two pendulums -

was recorded throughout the duration
of impact. Since the masses of the //T
pendulums were accurately known, Abo/v u At
the average stress over the ends of Above
the specimen could be computed I
using the products of the pendulum I
mass per unit cross sectional area U at
and its acceleration. Since the _ J J + 1 At
impacting pendulum was free- I
swinging prior to impact the impact Below I
velocity could be readily calculated _
from the initial height of the
pendulum.

Pi~u &Pt

Fig. 21 Propagation of Unloading Waves (23)
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Wave Propagation
A schematic diagram of the apparatus for the shock wave experiments is shown in Figure 26. An air shock

tube was used to apply a controlled dynamic load to the end of the soil column. The induced shock wave in the soil
traveled down the soil column and was recorded at several points by means of embedded stress gauges. There were two
important advantages of the shock tube loading: 1) it provided a dynamic loading with essentially zero rika time, and
2) it gave a reproducible load which was independent of specimen response.

The sand specimen was 64 in. long and 2.8 in. in diameter. It was mounted horizontally outside of the shock
tube with one end extending into a 2.8 in. diameter hole in the tube. This column was covered on the sides and on the
impact end by a thin rubber membrane and constrained by applying a vacuum to the voids. The sand was separated from
the air in the shock tube by tw- 0.008-in.-thick rubber sheets with a thin fabric reinforcement between them. There
was enough slack in the material to provide at least a 1/4-in. axial movement of the end of the specimen with no
restraint from the membrane.

The specimen was supported along its length by flexible straps (Figure 27). A rigid support block was positioned
at the reaction end of the specimen against the end cap and the two were bolted together. The hydrostatic pressure con-
fining the entire sand column was controlled by the vacuum level in the voids of the sand applied through the end cap.
A pressure gauge was located at the impact end of the specimen to record the pressure-time history of the reflected
shock wave which loaded the specimen.

The stress gauges used in this test series were constructed from 1/16-in.-thick by 1/2-in.-diameter peizo-
electric disks surrounded by a steel edge ring (26). In order to provide accurate stress measurements the gauges were
calibrated in the shock tube specimens after the specimens were in position for the dynamic tests. The calibration
values (psi/mv) obtained in this manner represented the existing embedded sensitivity of the gauge at low stress levels
(relative to the strength of the specimen) as influenced by such variables as confining pressure, density and placement
conditions. These calibration values were then used to adjust the non-linear calibration curves obtained with the
pendulum apparatus which covered the stress levels up to specimen failure.
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Fig. 22 Relative Density, Void Ratio and Porosity Vs. Specimen
Density for Dry Ottawa Sand (20-40 Mesh).
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SOIL-STRUCTURE INTERACTION

Tests were conducted on specimens representing a range of confining pressures and densities. The applied
air shock loading was varied both in magnitude and duration. Each specimen was subjected to multiple impacts with a
variation in magnitude of both peak shock pressure and confining pressure. The confining pressure was adjusted to the
desired value prior to each impact by regulating the vacuum in the voids of the specimen. It is expected that some change
in density and stress-strain characteristics took place with each impact. After the first loading the specimen density was
not accurately known because there was no sufficiently accurate method available for measuring this change. All of the
test results therefore were correlated with the initial specimen density.

SUMMARY OF EXPERIMENTAL RESULTS

Pendulum Experiments
The initial peak and ultimate stresses obtained in the pendulum tests were compared with the static strength

of the same specimens. There was definite evidence that dynamic stresses exceeding the static strength can be developed

4 5 1 1
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Fig. 23 Variation of Static Strength with Density at Constant Confining Prssure.



WAVE PROPAGATION

in the sand. However, except for the initial peak stresses at the impact end, the increases when they occurred averaged

only 12 percent. The initial peak stresses, however, exceeded the static strength by up to 125 percent. This increase

is attributed to lateral inertia and frictional restraint on the end of the specimen.

The dynamic stress-strain characteristics obtained from the pendulum tests were essentially the same as those

from static triaxial tests, although there was some indication of lateral inertia and viscous effects. The increase in stress

for a given strain ranged from zero to 25 percent.

Wave Propagation Experiments
The oscilloscope records from stress gauges positioned at various cross sections along the specimen show the

general characteristics of the incident and reflected stress wave. Quantyjtive information obtained from these records

consisted of 1) the wove propagation velocity, 2) peak stress attenuation, and 3) change in slope of the shock front.

Specimen density, confining pressure and magnitude and duration of applied shock loading all effect the

characteristics of the stress wave induced in the sand. The general nature of this wave and the effect of these factors

are illustrated in Figures 28, 29, 30 and 31 by typical oscilloscope records from the test series. These records actually
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Fig. 24 Var;ation of Tangent and Secant Moduli with Repeated Load.
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Fig. 25 Schematic of Pendulum Apparatus
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Fig. 26 Schematic of Shock Tube Apparatus

46



WAVE PROPAGATION

represent millivolt gauge response as a function of time. Because the gouge calibration (mv/psi) is non-linear the true
stress pulse has a somewhat different shv e than the oscilloscope records. The higher millivolt readings represen! less
stress per millivolt than the lower readings. Thus the peaks of te records will be flattened out when converted to stress.

The observed propagating waves in the sand are compared in Figure 28 for several different densities anc
confining pressures where the specimen were loaded with the some shock pulse. (These have been traced dirt.rly from
the oscilloscope photographic records, thus the vertical scale for each record varies depending upon the gauge colibittion.)
The spike at the end of the applied air shock pulse is caused by a reflection phenomenon - ide 'he shock tube. Since it
does not represent a significant impulse and sirue it provides a convenient reference point on the wove form the shock
tube was not modified to eliminate it.

Two important characteristics of the propagating wave may be observed in these records: I) change in shape
of the wave front and 2) superposition of the incident and reflected waves. A bending over of the incident wave front
is clearly evident as the wave traverses the specimen. This distortion increased with a decrease in density and con'ining
pressure for any given position along the soil column. The superposition of the refiected wove on the incident wave may
also be seen at gauge positions along the specimen. This reflected wave has an increasingly greater significance with
respect to the total wave form as the reflection boundary is approached. In the last record of each sequence thL two
waves are completely merged and form a single peak.

In Figure 29 the peak applied sho.o. pressure was approximately equal to the static strength of the specimen.
This resulted in an appreciable rounding of the wave front, increase in wave length and attenuation of peak stress.
Furthermore, the reflected wave was not very pronounced.

In Figure 30 the magnitude of the peak shock pressure was approximately 70 percent of the static strength and
the duration was much longer than in the previous test. The peak stress attenuation was at most 16 percent although
there was still a significant rounding of the wave front. The incident and reflected waves were not very distinct and
the peak point was not as sharp owing to the longer peak duration of the loading pulse.

In Figure 31, the mog-iitude of the applied peak air shock pressure was only 20 percent of the strength of the
specimen. In this case there was no significant attenuation of the peak stress, although there was same decrease in
the slope of the wave front. The reflected wave was clearly distinct and may be seen merging with the incident
wave as the end of the specimen is approached.

Typical measurements of peak stress variation along the length of the specimen are shown in Figure 32. These
curves show that the amount of stress attenuation increased with an increase in peak applied shock pressure for a
constant confining pressure. In most cases the peak stress first decreased with disvance along the spe-imen, reaching
a minimum near the middle of the specimen and then increased as the reaction end was approached. The increase
in stress toward the reaction end was due to the superimposing of the reflected wave upon the peak of the incident wave.

In several tests the peak applied pressure exceeded the static strength of the sand. In oil such cases the stress
hod decayed below the static strength before reaching the first embedded gouge position. This required 50 percent
attenuation in one case. Thus, no values of stress greater than the static strength, corresponding to the existing
confining pressure and density, were recorded by any of the embedded gouges.

As another indication of the change
in shape of the traveling stress wave the
average slope of the wave front (pasi/msec) was
determined for a number of tests. This average
rate of stress rise has been determined by
dividing the peak stress by the time interval
from the beginning of the rise to the peak. In
many cases the wave front was appreciably
curved; in these cases the initial rate of rise
was much greater than the average rate.

Typical results are plotted in
Figure 33 as a fun.-tion of distance along the
specimen. The slope attenuated vith distance
at a decreasing rate--very rapidly in the first
few inches since the appiied air .hock hod
essentially an infinite slope. At any given
distance along the specimen the slope was
less the greater the peak applied pressure,
all other conditions being approximately
the so-m,.

Fig, 27 Specimen in Position for Test
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a) x 0 in., - 19. 3 psi b) x 16 in., ou 2 14 8 psi

x 8 in., o - 15.4 psi x- 2 4 in., o = li.4 psimax max

HK 2 5 rnsec

c) x - 32 in., a - 12. 1 psi d) x 5 b6 in., a - 10.9 psimax max

x 48 in., 0a m 11.0 psi x 64 in., o m 16.4 psi

Fig. 29 Observed Stress Waves for Test 11-3
(Yo = I111.Opcf, o"3 = 7.5 psi)
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a) x = 0 in., o" m 12. 6 psi b) x = 16 in., a = 10.6 psi

x = 8 in., a'a = 11.6 psi x z 24 in.1a = 10.6 psi

c) x 32 in., Tmax 11.3 psi d) x :48 in Cl nax 13. 0 psI

x 40 in. max 11.4 psi x - 56 in.u m a 14. 4 psimnax max

Fig. 30 Observed Stress Wovos for Test 7-4
-o = 107.5 pcf, (7 7.5 psi)
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a) x = ( in., a-nax =4.6 psi b) x = 16 in., max = 4.7 psi

x -= in. , u -r4.7 psi x= 24 in., a- = 4.8 psiStlrl aXmax

H2 5 msec

c) x=32 in, a-max =4.8 psi d) x= 5 6 in., max = 4. 1 psi

x=48 in., max = 4. 1 psi x 64 in., T max = 4.4 psi

Fig. 31 Observed Stress Waves for Test 1 1-5
(y/'o = I11.0 pe, 0"3 7.5 csi
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' ~ - O.ýY jeteCt 'nt'jfl or eejTh te-st by Olottiny +e timre o' ý,v arrival -it
ea C go,; 40 -1 D, 3' .,jge •1A ,,o-y Acc,,<rte ,easurement of orr time was made from the osc;!loscope
!ecords ýisr a r%ý, pilse 5 ner-posec- u1o ol! chronnegs simultaneously to provide a common reference time.
*Typ.ical time of arrfvci DoI ote s.-,wn in Figure 34 These plots are hr -,-, hence the velocily was corstant along the
length o• tt'e specimen. The two varioblis effecting thie velocity are confining pressure and density A significont
increase in vel:.i, with an increase in both of these parameters was observed.

The following co clu',ions were drown from the wave propagation experiments:
1. The wave propagation velocity was constant along the length of the specimen and the average velocity

varfied less than 14 percent for any combination of confining pressure and density, regardless of the
stress history.

2. The experimental values of wave velocity based upon time of arrival measurements correlated well
with values obtoined by other investigators using resonance techniques. The values were much higher
than those calculated using the initial tangent modulus from conventional triaxial tests except after
many repeated load cycles.

3. The least change in shape of the propagating wave occurred for the highest density, I ighest confining
pressure, smallest applied shock pressure, and longest duration of peak pressure and vice versa.

4. A reflected wave was present in all cases. It was most distinct from the incident wave and had the
greatest magnitude for those conditions which created the least wave distortion, i.e., the more
elastic cases.

5. The general character of wave distortion was a lengthening of the period and a bending over
of the front.
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Fig. 32 Variation of Peak Stress Along Medium Density Specimen

for 5 Psi Confining Pressure.



w as increased ov tf, resper? to the spe, -,e- Jre'-4t, on(, t e , - e j- Nrps% igj'iiy, oý t?, 2gp! I el
shock pulse d&creoed.

e 7. Values of stress exceediNg the static strength of the speci',en ýere not rec-orjed eight inches frorr

the landed end when the peak shock pressure was greater than the Otr ngth.
8. The average rate of stress rise at the wave front decreased rapidly as the -.avc traveled along the

specimen. Most of the reduction occurred in the first several inches.
9. This wave front attenuation increased as the peak shock pressure increased with respect to the

specimen strength and as the duration of the peak pressure decreased.

CONCLUSIONS REGARDING WAVE PROPAGATION

The basic theoretical approaches for wave propagition analysis have been discussed. These are the elastic,
viscoelastic, plastic, strain-rate and non-linear inelastic theories. It is important to recoqnize that the essential
differences between these various approaches are the assumptions regarding the stress-strcin characteristics of the soil.
A comparison of theoretical predictions with the experimental results will therefore help to establish the true dynamic
stress-strain behavior of the soil as well as help to interpret the observed wave phenomena.

The elastic approach is commonly used as a basis for comparison with other theories; however, it is clearly
not adequate for explaining the observed wave propagation behavior. It does not provide an energy dissipation mechanism
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like that observed in the experie,'ts. Furthe-iore , the iscoeiostic .a~e eiocait, ircreases ýit$ rate 9t iooni 9g.

principal reason for the jiscreponc• -mjst be the J;fference bet.ee" the .isco,-ostic and uctual stress-strain response.
Both exhibit hysteresis, but the strain is recovered in the viscaelastic case (FIyL~re B). Hence, although viscoLs-tpe
effects have been observed in sand, this approach is rot adequate by itself for explainiNg t'e observed behavior.

The plasiic approach to wove propagation assumes a decrease in velocity of stress increments for negative stress-
strain curvature (concave downward) as the stiess level increases. This results in a spreading out of the wave front as it
propagates. If inelastic recovery is included ir, this plastic model, then energy dissipation and stress attenuatior will
occur and the general change in wave form observed in the experiments will be predicted. Shocks can only be propagated
with positive stress-strain curvature; hence, stress waves rather than shock waves would be predicted for the described

experiments.
The actual stress-strain response of the sand specimens used in the experiments was unquestionably nonlinear and

exhibited inelastic recovery. Therefore, a theory which does not incorporate these effects cannot be expected to correctly
predict the wave propagation behavior. The elastic and plastic theories are in reality special cases of this more general
approuch. However, strain rate effects were also required in order to consistently explain the ob!.2rved relationships
between the static stress-strain curve, the wave velocity and the wave shape.

It was observed that the wave velocities computed from the static triaxial tests on the first loading of the
specimen were much lower than the measured wave velocities. The computed vz!ocities based upon the tangent modulus
for specimens subjected to several previous load cycles approached the measu'ed velocities. The actual wuve velocities,
however, varied less than 14 percent for any given confining pressure and densit', regardless of the stress history of the
specimen. The suppositior of a high tangent modulus which exists only at very low stresses ccnnot watisfactorily explain
the discrepn,,cy, because the propagating wave would hove to have an elastic precursor or an initial reversed curvature.
Neither of these were observed in the experiments. Strain rate effects were therefore assumed to be present.

In the pendulum tests, dynamic stresses at the impact end were observed to exceed the static strength by up to
125 pere:ent. If these are attributed soleiy to lateral inertia then the effective increase in confining pressure would be
about t!he same percent. Based upon the theories of granular mechanics this would only increase the wi've velocity by
12 percent. These excess stresses were observed in the pendulum tests only about as far as one inch from the impact end,
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e. Ceedj, the Sto1?i - S5w.(jtt t .ýW".-.. *-. r

reacking the first .4a,;e Otvhol :i d- 4 e r* k.

Jignificantlý effect tfie vave vieoci.t ~-ias re ner '.
In order to illjstraite 1`he .-eostabier ess o"'te ý.v Ir e; 3sti _. 1-elt., !"11 )-S -ere Irre t 'Of

of the experiments usirva the -ethoi ,f '"'pilses. Ir * ý~pecdfic -.3se t+-e peop. ipplied sn'o<. vress~re - cis cpprfc, i -Ve
35 percent greater than hýe static specimen strength. for tie cal lations .3 trionq~ior lodl>4 pý,Ise .as f~ttedj to thf-e
actual pulse such as to maintain the same peuK pressure arid total impAse. Th-e (2isjmei stress-Oroir- csjrve ývOs o5~Oined
from the triaxiol test after severa: repected load cycles similar to those experienced t. , the long specimen. To simrf if,
the calculations nil unloading and reloading stress-strain moduli -.ere ais~umea to be constant and equal to the initio!
tangent modulus.

The resulfts from the theory and experiments are compared in Figures 35 and 36. The peak stress attenuation is
predicted quite closely (Figure 35o). The wave front attenuation is in reasonable careement initially (Figure 235b),
althouh the calculated wave does not deform ai rapidly as the actual wove. This is substantiated by the compc~r~on of
observed and predicted waves in Figure 36. AWtouh the aCtcal wave spread out mare quickly than the calrjlotod wave
the aeneral features of the two are the sc"'e. It ko-Ald he emphasized that the static stress-strain curve was used without
strain rate corrections to tepresent the stress-strain behavior of the sand during rhw. passage of the stress wave. Hence the
rnnjor factor influencing the theory was the nonlinear, inelastic response of the soil.

To illustrate the influence of the amjor variables a number of other examples were alculated using the method
of impulses. The assumed conditions are iisted in Table i. The resulting peak, stress attenuations are compared in
Figures 37 and 38. The variables considered were 1) the reaction end condition, e.g., fixed or free, 2) the shape of
applied air shock loading curve, 3) specimen stress-strain response, and 4) relationship of peak applied pressure to
specimen strength.

The following observations were made from these comp-arisons:
I1. There is no attenuation of peak stress for tfhe infinite duration pulse, instead the peak stress increases

with time. This increase is shown for 15 and 20 rrsec after arrival of the wave front at each position.
A significant decrease in the -ate of stress rise does occur, but it is the least ( the five cases considered.

2. For cases I and Ill, which ore identical .- etfor the end condition, the peak stress is maintained
for about 8 in. Ai;ebegins at this point and is the some for both cas~es up to 40 in., at which
1..osition the reflected wave influences the peak stress. Beyond 40 in. the peak stress increases when the
reaction end is fixed and decreases to zero when the reaction end is free. The rate of stress rise
attenuaotes iden~icolly for both cases up to 40 in., because up to this position the wave front it not
aware Of the reaction boundary.

3. Attenuation of the peak stress increases more rapidly when tne duration of the applied shock pressure is
decreased. Within the occui xy of' thea computations, however, the rate of stress rise is the teame as
that for Coase I and 111, because the time-to-,"ea was coirespondingl dec:eased by the faster propaga-
tion of the lower stresses.

4. The peak stress and Yave front both attenuate mit.re oapidly as the specimen stiffness is decreased.
5. The higher the peak apliea pressure relative to the specimen st'engtri, th.t greater the attenuation.
The results of several experiment, in which the parameters wore similar to those assumed in the calculations (no

superimposed ont Figure 37. Test 9-1 was performed an a specimqn which hod not boon previously loaded. the results
of this test ogrie. best with the calculations using a virgir static stres-strain curve. The ag~reemewnt would be improvea;
for the initial 3ttisrvotion if the duration of the assumed peak shock pressure wore reduced from 2 to I -nw , .w'or in
line with t6vst existing in the oi~priment. Tests 7-4 and 8-4 were pedu-dvss~c~~n rvosy o'd-i ý lns

specimen 7 to a stress as high as 22.4 psi and specimen 8 to 12.6 psi,, A greo;qir stifffivs it indicatwd by the0 rtst.'ltsj,
,w-ire in line Nvith the calculations assuming a stiffer spedýmeon. The c-.uiboundary cor.-Jitions, and the shaope of a~p'id
thock piressre pulse were closest to those assumed by Case 1.

SuhWAV"

The purpose of this pope. livs bee to review ?Ie boirý clharo.tetisrtics of sttss -wave propagiation in soil1. The
do'"inorit influenC* of "~~ W.il s'tess-strin behev;or ott tihe votiru of the indu-coi wove lSai been shoiiwn 6y 0-e Vario~us
wave propagation theoories. Alftntion has been poinswilyt foc~rsed of, sils whose stres-strin characterittica 60v* nwe-q
tive rvuraoture. For thkis class oft pfoblerms the theories would predict thart s'soc:4 wavieis will not be ctooted c4 r~r';ofaine'j
in 0h, soil; they will only exist for positivit ittri-straiif curvO*'jt.

foperimenrs *wer perfotnod wi* 6-orizontal Lxx% of *, sand confined under constarit latiraol pressue, a tv1o
nitrizsenting negative ttress&-stroin c-,vott~re. It %ý%*xtwn sOo"tht the significant feohtuie of the obsetved -*3vos coutd Z*
predicted on P'it txzsis of the, nonlit-ear, inelastic stress-s'roin b,0haviwof at te soil without the inclusion, of timie depe- 4wrt
offects. howe'ver, wrme strc-in tote effects were required i *uplain tho wave -eimcity resuts as welt as certain foe' is
of the Wove Oshape.
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Fig. 38 Effect of PeaL Applied Pressure on Stress Attenuation
for Constant Specimen Strength

Further studies of wave propagation in soils making use of available analytical tools and experimental techni-
ques are to be encouraged, for they provide an excellent means of extending the knowledge of actual soil stress-strain
behavior under dynamic loading as well as information on wave propagation.
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DYNAMIC BEHAVIOR OF GRANULAR MEDIA
by

James V. Zaccor*

ABSTRACT

A program oa experimental investigation, aimed at discovering the part played by a soil medium in modifying an
impulsive load delivered through it, is described briefly. The initial studies and the results reported were limited to
granular materials subjected to step shock loadings in which lateral confinement was generated by the applied axial over-
pressure.

The main purpose of this paper is to demonstrate a quantitative relationship, under these conditions, between
measured peak particle displacement and the displacement predicted from the measured velocity of the front of the main
stress wave and to indicate the influence of initial stress, or initial effective confining pressures, on the -ferpressure-
strain relationship.

The author also calls attention to precursors propagating ahead of the main stress wove and to the fact that a
close relationship is indicated between the precursor wave velocities measured at URS and Hertzian or "seismic" velocities
measured in the some material at The Massachusetts Institute of Technology. Further, it was found thai these precursor
velocities are quite significantly greater than the shock-induced velocities, and that the difference is dependent on both
the initial pressure and the applied overpressure. The significance of these observations to design enginoering is dis-
cussed.

Also of importance is the presentation of information on reflection phenomena occurring at a rigid receiver for
shock-induced stress waves, and the information that measured reflection factors exceed two, as should be expected for
these materials under these conditions. Discussions of shock and reflection phenomena in soil are presented in the
appendixes.

Finally, attention is called to current limited data which appear to correlate measured attenutatlon of the peak
stres•, due to interaction of loading and unloading waves for a square-wave input pulse, with hydrodynamic attenuation
theory.

INTRODUCTION

The intention of this paper is to present some of the more recent results of an experimental program, currently
in progress at URS, aimed at examining behavior of granular material under dynamic loading. The project is sponsored
by the Waterways Experiment Station (WES) and is a continuation of a study started under the sponsorship of The Defense
Atomic Support Agency which had as its objective development of equipment and techniques for evaluating dynamic
behavior of soils. This paper is devoted to a discussion of observations made In commection with traveling waves in which
inertial properties play a role.

Objectives
Because interest ir, wave propagation sterm mainly from a desire to know the impulse delivered from a loading

source to a receiver, i.e., to a structure, the experimental objective of the program is to measure the distribution of
momentum and impulse (pressure-time) as a function of position and time along a column for various media, boundary, and
loading conditions. In these studies, energy losses that occur will not be of interest per se, but in regard to their effect
on partitioning of energy and redistribution of the total deliverable Impulse. Similarly, other behavior processes, such
as relaxation or creep, and the degree to which the load-unload cycle produces irreversible strains, will be of interest in
considering their effects en redistribution of momentum, i.e., potentially deliverable impulse. It seems rionsonoble, for
example, to expect that Irreversible strains could significantly alter the distribution of momentum in a medium that is
large compared to the loading pulse length since an effect will be to leave a large mass with a residual velocity that will
be converted to impulse, possibly at a nearly imperceptible rate. An effect of th:s sort has no direct relationship with,
say, the more familiar parameter of the area under the stres-strain curve In a load-unload cycle. In addition, it is
immediately apparent that if irreversible proceses are expected to play such an important role, it is vital not to eliminate
them by repeatedly loading the same sample.

*Senior Research Engineer, URS Corporation, Burlingome, California.
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Experimental Approach
In attempting to meet the objectives, then, some of the measurements important to this study wert. ndicated,

quite simply, by an examination of Newton's second law, which leads to the belief that measurements -.;.. particie
:veIocities, and wave velocities of particle velocities, all as functions of time and position along the column, are requi.ed.
Furthermore, consideration of the impulse-momentum law, which states that the change in force is equal to the rate of
change of momentum, i.e.,

AF = a(Mv)/t*, (1)

indicates that the simplest experimental arrangement with which to begin a study of propagating waves is to use a very
sharp-fronted wave, such as a step shock pulse, so that the momentum is fairly easily defined. For such a case, the
momentum equation may be stated in another form, i.e.,

A A = A ( pAxv)/t** (2)

or

, = pCv. (3)

It is seen that the wave velocity C is the scale factor defining the moss that has undergone a change in particle
"velocity Av. Un!:ss the material loaded is an ideal linear elastic medium, or a step shock pulse input is applied, the
measurement of many wave velocities Ci*** for corresponding particle velocity changes Avi might be required to define
the momentum adequately as a function of time, whereas only one wave velocity is required for the step pulse because
the material at its front presumably makes a step jump in velocity of av directly to the final velocity.

The some wave and particle velocity data are also sufficient to allow determination of the kinetic energy, and,
finally, the total work done can be determined at positions along the column from displacement-time and stress-time infor-
mation. Consequently, it appears that all the data required for studying the momentum and impulse redistribution processes
may be obtained by measuring lateral and axial strcss-time and displacement-time at enough locations along a column.
Particle velocities may be obtained from the slopes of the displacement-time traces, while the wave velocities may be
obtained from the travel times between stations. (A description of the experimental apparatus appears in Appendix A.)

EXPERIMENTAL RESULTS

Only the first loadings on dry granular materials have been studied to date, and thus far these tests have been
further limited to a 20-30 Ottawa sand and two graded samples. The physical properties of the graded sand samples are in-
dicated in Figure 1. Initial pressures, i.e., seat loads, have been 2 psi or less. In these tests, it has been observed that
step stress pulses with slow-rising fronts, e.g., 700 Msec to peak stress, "shock up" after traveling 2 to 4 in. down the
column**". The fast-rise portion, if the rounding at the peak is ignored, becomes an the order of 100-400 jsec, as Indi-
cated in Figure 2****k. The rounding at the top in these traces is thought to be the effect of short-term relaxation effects.

Further indication that shock waves are propagating may be obtained from examination of the instances in which
an unloading wave Immediately follows a loading wave, i.e., for a square-wave pulse input. Sqware-wave loadings
have been applied to Ottawa sand placed at a void ratio of 0.51, in which the unloading wave components have been
observed to catch and interact with the loading wave. As a result of this Interaction, the peak stres decreases with
distance traveled along the column. This process of hydrodynamic attenuation has been described in detail in a theore-
tical treatment by Duvall (1). Analysis of data from one of the experiments in which hydrodynamic attenuation of the
peak stress was observed showed excellent agreement with the theory in this refrnce.

* F is the change in force F, and the rate of change of momentum is given by the product of the mass M and its

velocity v divided by the tine t far the change to take place.
The force F in Equation I is the product of the stress a and the crou-sectional area A. The moss M is the product of
the density p and the volume Ax, where x is the length of column that has undergone the change in velocity Av.
The quantity C is a phase velocity with which the particle velocity change Av propagates down the column. Con-
sequently (Ct) = (x).

*** Far any other condition, the material actually goes through a continuous series of stress changes In arriving at the
peak res, such that each change corresponds to a different wave velocity.

"* The wave is said to have "shocked up" when tho fast-rise portion of the traces no longer shows a tendency to steepen
further. (A brief discussion of shock phenomoea in a soil medium appears in Appendix B.)

*****Even If the rounddin is Included, the typical measure of rise time (as used in air blast) of 10 to 90 percent of the peak
stres is still about 450 osec for the truce shown (which is among the slowest Aue tus used).
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In studying traveling waves, it is general!y 0 FROM LOAD - DISPLACEMENT
considered desirable to make all measurements prior 0 FROM SHOCK VELOCITY
to the occurrence of any reflections from end
boundaries. Nevertheless, a great deal may be 20-30 OTTAWA a c .51
learned about the conversion of momentum to impulse 1500 0-
in a stressed soil element by examining the reflection
phenomenon itself. Consequently, as presented in
Appendix C, an analysis of data from an actual
shock-loading test has been carried beyond the time
of reflection of the main wave by the rigid receiver
until the particle velocity of the entire column is
stripped. It is of interest to note here, however,
that for each of the three sands examinsd, reflected Fn 1000-
stress at a rigid receiver has always exceeded twice 0-

the incident stress.
From data of the type discussed in Appen-

dix C, it is possible to obtain a relationship between I�
stress and total displacement (or strain) at two levels "
of stress for a uniformly loaded sample. Consider .•

points a and b on the peak reflected-stress trace X 500- 0
shown in Figure C-3. It can be calculated from the 'It

duration of that stress level and the measured velo-
city of the reflected wave that the entire sample has
been stressed between 80 and 85 psi; in fact, the
lateral stress stations also indicated this is true.
Therefore, the peak displacement should be associ.
ated with the peak reflected stress measured as one 0
condition of strain associated with a uniform ioading 0.005 0.010 0.015 0.020 0.025
of the sample. In addition, with a step pulse, the AXIAL STRAIN (ININ.)
constant level of the incident axial stress allows
determination of the total diiplacement at any point Fig. 3 Envelope of Unique Overpressure-Strain
along the sample column, at a time when the entire Relationships for Step Shock Inputs
sample column has been uniformly stressed to the level of the incident stress, simply by reading total displacement at the
time of arrival of the incident wave at the rigid reflector. A plot of points for both these displacement conditions oppears
in Figure 3*.

Also plotted in Figure 3 are data points determined from the measured wave velocities (C, 1) of the pi.•k stress
levels (a I), calculated simply by using the relationship

S -- 91 (4)

PC"*1

(In effect, this is a statemsnt that the secant modulus of the stlres-straIn curve a ilned for a shock input Is indicative of
the wave velocity.) The strm-ustrain data points for th, measurd strains and those calculated fron the wave velocities
appepr to match very well.

Shock-Induced Wave Velocities Venus Seismic
Me.surod wove velocities for the tr: sank studied (2) ame plotted in Figure 4 as a function of applied axoal

stress. Also Included in Figure 4, for compadisan, is a transformnd plot of wave velocities a.,mo._: j i Dt' ..... . . s
reported by Whitman (3) at nearly the some void ratio usd for the Otawa sand samples in the tW terles reported ee.
The wave velocity data" presented by Whitman show laborotory-measued "seismic" velocities for small s. variations
in 20-30 Ottawa sand at a void ratio of 0.53 under various confining pt1ese. As plotted in F;gure 4, however, the
curve has been shifted to relate to on axial loading which would develop the cowesponrdng "I.onfining pressure," i.e.,
lateral pressure, in t"e (5 oppartus. It is seen tht these seismic waves pr•pagote c€taiderbly faster than the shock-
induced waves. Furthermore, the difference between these seismic and shock-induced wave velocities for the 20-30
Ottawa sand Is consideably greater than the varl;am between shock-induced velocities in the three different sandk.

• The materlal does not go through the strs and strai-i states succesively that ae Indicated by the curve. Ratr, the
curve is the envelope of a sries of unqie load-d iplacement relationships, each obtained for a step pulse loading to a
different s, level on a newly prepcod sample.

"• m waves have been referred to asm itmc In Referwece 3.
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A quantitative measure of the "judgment" that would have been required to correctly predict peak particle dis-
placements tas a result of an applied shock overpressure) from the seismic velocity measurements can be determined by
comparing the two wave velocity bands in Figure 4. The "judgment" req'jired to use the seismic velocity predictions should
be considered in comparison with the excellent correlation that can be obtained between measured peak particle displace-
ments and the corresponding wave velocities, as has been presented in Figure 3. This correlation requires only that each
overpressure applied is properly associated with its own unique propogat n velocity under the appropriate initial conditions.
Clearly, it is not reasonable to demand that a single wave velocity, which charocteri7es a unique set of conditions embrac-
ing both initial stress and propagating cverpressure (as a seismic velocity might be defined), be representative of all levels

of overpressure. Hod the seismic velocities been used in Equation 4 for every level of applied overpressure, the predicted
peak particle displacements would have been on the order of 600 percent smaller than those measured under shock loadings.
In a field application, this discrepancy may be mitigated to some extent if sizable initial conditions of overburden pressure

exist.
To summarize, discussion has shown that it is imperative for predicting peak particle velocities and, hence, dis-

placements due to an applied load, to identify the mass involved itn the momentum changes. It has also been pointed out
that the wave velocity is the scale factor which identifies that mrass. It is not sufficient, therefore, to measure simply one
wave velocity and apply the momentum equation to predict peak particle velocities. It is also -acessary to know the

entire spectrum of wave velocities essociated with their respective particle velocities and levels of stress propagating.
Fortunately, for sharp-fronted waves, the problem becomes simplified to some extent in that ali particle velocities, for

all Intents and purposes, travel with a common wave velocity associated with the peak stress.
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rhis does not mean that seismic velocities are unimp~ortant. Precursors* will propagate, according to the vcrious
laboratory studies, in accordance with an effective .;onfininp pressure. In the field, this wilt be dependent upon the over-

d burden and the degree of cementation. Without doubt, these precursors, being f-ster than the main wave, will tend to
increase the effective mass in the momentum transfer process, hence reducing~ :ne maximum paiticle displacement for a' giver%
ba>d; but the magnitude of the effect will be dependent on the level of ýrress supportable in the precursor relative tc, the
applied overpressure* At present, it is known that the use of precurso! velocities for predicting peak particle displacement
becomes more legitimate as the supportable level of stress in the precursor increases. Practical application, however, re-
quires quantitative information on the relationships among initial conditions, overpressures, and strains.

A part of that infc:mat~on may well be inherett ii data of the type presented in Figures 3 oH. 4. Consider the
hypothesis that initial effecti% e confining conditions irelating, in the field, to effects of cementation and overburden pres-

e sures at a given site) might be accointed for, it) large degree, by successively shifting the origin of a single stress-strain
curve obtained from a confined compression test of the material for zero initial confining pressuire. By suc:h a process, one
could obtain a family of overstress-strain curves for any initial !tate of stress. Such a family of curves is shown in Figure 5
for 20-30 Ottawa sand. From these curves, displacements for a given set of initial cnd overpressure coniditions presumably
could now be obtained from the appropriate overprellg truin-initial-stress curve.

So far, three tests to assess this hypothe-
sis have been performed at LIRS. Though the data
are sparse, the few results ore encouraging and = 0
appear of interest. In theise tests, seat loads of C

0

velocities of the fronts of the main waves and the I

displacements of the input end of the column were C
predictable at a given overpiessure from the ap-
propriate curves in Figure 5 and agreed within 1000 6-f m
about 5 percent with the measured values. The .4 0
three overpressu e-strain-initial-stress relation- -51. CURVE OF FIG.
ships measured are shown as the shaded points t; -

plotted in Figure 5. ~0
It is of interest that the meaured velo- 5

cities of the observed precursors, when plotted
against the set load or initial stress, were within L:

the extremies of the range of the seismic velocitiesL .

ootain~ed from Reference 3. However, the velo- W 500- 0'
cities of the main waves were only between 50
and 60 percent of those of the precurson. The -:!:i 'stp
moiin-wnve velocities have bee.. plotted against I' / ,S
overpressure and their coffesponding prec ursors O ";SI

hove been plotted against the initial stress as the# / 0 R(, 0 ~.AD D -[ ,,i *J CEn,M1: N
three pairs of paints in Figure 4. /Oriter StiO-kVtxiCy

In these tests, it was also found that the V0 30- 3)IUTAiiA

magnit~ude of the overstress in the precursor sup-J
portable as a result of the wee-lood pressure, ais 0 0 005 0010 0 015 0020 0025
deter-mined from the peak reflected stress gauge, AXIAL STRAINS. 0N1hU/I~
was only about 14 percent of the seat-load pres- Fii. .~5 A.Kiol Overstrou-ITrain Curves for Various
turt itself. If it is awinied that, at them law Initial Presiure Ccind~tlon in Ottawa Sand
levels of stress, the reflection factor is no mor.
tt.an 2. then the actual incident precurtor stress ~would have been 7 percent of thie teat-load pressure. If such a -elationship
continj.e% to hold, then 3t v, initial pr~ueof 5TY ý :>A a 3' ~ :iisu(* CkAij UE .t~ *.?i~ n

the precvrsor, it is of interett tkat the ov..; s r*In eationsikip obloined from th# curve in Figure 15 rmariej3 "seismic,"

con-paes favorable, fix stresses ,. to 35-50 psi, a.ith te a,. erstrts-strein relationship fro-"~ the curve fo, a 500 psi initial
P'. anu 1. In addition, it can be see~n ttvat if the initial pressure were orQ.. one-tenth' as greot, i.e., 50 pti, bot '%it0- the
sarm 35 psi ovenwin~s4A opplied, the strain wouild je 5 ?itws as great 0s far the cane with, 500 psi initial pressure or, In
effect, fu4r th situation. ch'osen, 5 tim-es as great as woul~d be predicted frot-"th seismic velocities.

*In general, a _preutso is a wave thait propagates in advance of a noir. wave, heence, it is relatively smoll in comparison.
In a discrete particulate mediumA, its manitude should be relotable to the conditions of interpairticulate contact arse, con-
setpowntif, the initial confining pressure. At very low, or r-wo. initial confining Pressures, the level of stres in, rho ore-
ck,rsor MG) be vvý. t+he level of easy detection to th. exten thact it appears to propaogate w"itii a lower velocity thai is
actually correct. In som: LAS tests with large neot loads, i.e., effectively !or9e initial confinir) presures, the velocities
of the p~recurbors appeared to be related to the seismc or, peirfapt nore oppropiately in Othis case, Hertzian. velocities
obtained front Reference 3.
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CONCLUSIONS

Ine practical significance of the observations described herein is to offer the hope that further studies of the 'asic
behavio: of soils under dynamic loads may lead to a method for accounting for overburden and cementation effects in terms
of an initial pressure, or some other effective condition of confining pressure. At the least, overpressure-str ,in-initial-
stress studies will allow.v uetter quantituiive relationships to be drawn, for use in design engineering, betweers precursor
velocities, main stress-wcave veloc , *,nd sample strains. Nevertheless, all these effects are related to step pulse load-
ing and have not yet taken unlocading into account. Studies of hydrodynamic attenuation processes would alow t;,e
additional concepts of wave shape and finile duration to be accounted for.

This paper has also indicoaed thct 4'e nature of the soil behavior, in delivering a pulse to a receiver or structure,
is dependent on characteristics -,f bo+ me input loading and the receiver, as well as of the transmittinug medium.

Quantitative evaIlation ci the ioading chao-cteristics (other than the obvious effect of load level) has nct bee,
treated here. In regard to the receiver characteristics, it has been indicated that peak reflected stresses may be grezater
than twice the incident. The : ,ctical significance of this, however, could be slight, since the reflection factor wi:l
depend on effective bovndary co-'ditions, and the size and characteristics of the structure.
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APPENDIX A - URS DYNAMIC SOIL TEST FACILITYý

In the present experimental system used at URS, a sample column about ý ft. long and 1-1/2 in. in diameter is
laterally confined by a 1/4-in. annulus of fluid surrounded by a transparent container. The container is transparent to
provide optical entry for tracking lateral and axial displacenments of points on the column without making physical contact
with the sample*. The objective of tihe fluid boundary is to provide minimunm resistance to axial displacements and maximum
resistance to lateral displacements. The fluid is sealed and protected from the applied load so that the lateral stress in the
sample and the pressure in the flu*d is generated by the axial loading. Kistler pressure transducers are located along the
container wall to monitor the fluid pressure, i.e., the lateral stress in the sample. Axii stress is measured at one of the
planar ends of the sample at a boundary having a modulus considerably greater thon that of the sample so that it is essen-
tially a rigid receiver. At the other planar end boundar/, air loadings are applied axially to the column through a piston,
which provides c means of measuring displci.ements of the itoput end of the sample, prevents penetration of the air loading
into the void spaces, and provides a reans for unloading the column in a matter of several hundred microseconds simply by
brnging the piston to an abrupt stop.

The air loading applied to the piston is the output of a modified shock tube, which has been designed to provide
air loadings up to 2,000 psi on the piston, with rise times between 10 and 100 usec. Stresses in excess of 2,000 psi can
be obtained by using compound piston systems, in which the air load is applied to a larger piston than the one that bears
on the sample. Loadings witi much slower rise times can be achieved by introducing systems of fixed and flexible orifices
ahead of t're piston. Il 3ny event, the piston will slow the rise time of the pulse delivered to the sample column by an
amount dependent on 'oth the level of applied stress and the piston mass. Wi, higher applied stresses, the piston is accel-
erated to the appropriate peak soil-particle velocity at a faster rate. For the pistons used in the tests reported here, rise
times at the input end of the sample for low stress levels have been on the order of 700 Asec. At higher stress levels,
corresponding rise times as short as 150 usec have been measured.

APPENDIX B - DISCUSSION C. SHOCK PHENOMENA IN SOIL

The stress-strain curve of a column of laterally confined granular soil characteristically has a positive curvature

d2o

-- > 0,
d(:

i.e., concave upward about ihe stress axis.
Interpreting this stress-strain curve as an equation of state allows onr to infer that propagation velocities for in-

cremental stress elements increase with increasing axial stress and, as a result, the front of a propagating stress wave will
tend to steepen as the wave propagates through the material. This has been confirmed experimentally in granular materials.
A further implicaton is that eventucily a stable shock wave would fc,:m as the wave proceeded down the column, provided
a constant axial stress %ere maintained at the top. That is, if a step stress wave of infinite duration were put into a
laterally confined granular medium maI subject to side-wall friction, the shape of the front of the wave should eventually
become independent of time.

Further, drawing from more conventional media in which shock waves have been studies, we see that if this stable
wove travels at a velocity greater than that of an infinitesimally weak stress signal in the same material, then the wave can
be considered a shex.k. The character of a shock wave in a gas, certainly, is well known and consequently is easily iden-
tifiable. The existence of a stable shock wave in a granular medium may prove difficult to demonstrate.

It is relatively easy to provide a sufficiently long expansion chamber in a gas-filled shock tube to allow the com-
plete formation of a stable shock because side-wall friction in a gas is confined to a thin boundary layer next to the wall.
However, side-wall friction on a confined granular medium is a dominant mechanism for extracting energy from a wave
propagating in the medium, arid, unless special arrangements (such as the fluid boundary) are employed, it is not possible
to sustain a stable, finite-amplitude, one-dimensional wave. Present-day fricion-reducing mechanisms impose limitations
or the length of the granular soil column that can be constructed for wave propagation studies.

It is at least possible to say that it is not necessary for a shock in a granular material to be steep-fronted since
relaxation effects in an element of soil volume contained in the front may delay attainment of the uniform conditions be-
hind the front.

it is possible to load a column of soil by a pulse sharper than would propagate stably. In this case, the wave in
the soil would undergo continuous increase in rise time; that is, the wave front would be apparently flattened or degraded
until stable conditions of the shock in the soil were achieved. This occurs since the amplitudes of the highest frequency
components of the step wave in air would be degraded exponentially in the soil, with the decay constant for each mode
increasing with increasing frequency above the maximum frequency component which the sail will support. On the other

*This is accomplished by means of Optron Corporation Model 680 trackers "lacked on" colored sand grains within the sample.
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hand, as mentioned earlier, a stress wave entering the laterally constrained soil with a long rise time at the front will
gradiolly steepen until the stable shape of the wave front is obtained. In order to obse,,ve both of these conditions, a
sizable sample colLmn may be required. To date, only the steepening front has been observed at URS. However, Burmister
has reported observing the other condition (4).

Once a stable shock front is physically obtained, then the conservation conditions of moss, momentum, and energy
(Hugoniot conditions) can be imposed to relate the uniform states of stress ahead of and behind the shock front. Through the
conservation conditions inferences can be made, from measurement Gf stress and shock wave velocity, regarding state vari-
ables, e.g., entropy changes, which would be difficult to measure directly. Once it has been established that a stable
front has been achieved, its shape and rise time would give insight into the relaxation effects experienced by the individual
granules in passing through the shock front.

APPENDIX C - DISCUSSION OF REFLECTION PHENOMENA

Before looking at reflection phenomena in a column of granular material, a simplified analysis of a similar situation
in an ideal linear elastic material should be reviewed.

Linear Case
An important property of the ideal linear elastic material is that all levels of stress are transmitted with the same

wave velocity, C. Figure C-1 is a schematic representation of events in a distance-time (X-t) diagram for a sharp-fronted
a;r loading step pulse of magnitude e* applied to the free surface of a stress-free column, the olner end of which rests on
a rigid receiver. (For the case presented, consider that ao is small compared to the elastic limr.:) An X-t diagram is a
convenient pictorial way to keep track of the arrival times along the column of characteristics of the wave.

In the case pictured (Figure C-i), a single characteristic, shown by the first diagonal line, is representative of
the velocities of all stresses, i.e., the peak stress as well as the front, since the pulse is a step rise in stress. Simu!taneous
with the arrival of the peak stress, as the stress pulse proceeds along the column, the material undergoes a sudden change
in velocity Av, from zero to v. The material behind the wove, of course, has made a step jump Lao from zero to the
stress level coo - GO0

When the wave front arrives at STEP PULSE AIR LOAD
the boundary that has been defined as a ON FREE SURFACE
rigid receiver, the particle velocity is ilO F E U A
suddenly stopped, i.e., changed by an 0- -- 2-CO al(Ot)
amount Av, as the material velocity re-
turns again to zero from v. Since very
little change has occurred in the density
p, the rate of change of momentum, -GO
pC/v/t, on reflection, is just equal to
the rate of momentum change for the inci-
dent wave so that the stress behind this
reflected front must jump another ura, to a l,( L/. It)
total of 2 yo*. The total stress, resulting

from superposition of t6ie incident and re-
•ected tmress wavas is generally referred
to as the peak reflected stress. The second
diagonal line, or the return characteristic a
in Figure C-1, represents the location of
the front of the returning wave of velocity
C. This defines the location, as a function - 20O
of time, of the region where the particle

*If the so-called rigid receiver had either _(70
been finite and located in 3 continuum of
the ideal elastic material or if it had been
something less than rigid, the stress pulse
generated by conversion of the momentum L- .. " (Lt)
to impulse at the continuum-receiver T I E.'AlE
interface would have been totally differ- Fig. C-I X-t Diagram Ind-aoting Stress..Time Histories at
ent because the rate of change of momen-tum would have been different. Three Locations (Y -= 0, L/3, and L) Along a

Column of Ideal Elitstic Material
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velocity changes an amount Lv back to zero particle velocity. Space does not permit carrying this analysis further; how-
ever, the repeating patterns of stress to be expected for this case are represented at three stations along the column.

Nonl inear Case
Hod the material in the column been nonlinear, so that the stress-strain behavior showed ever smaller strains for

equal increments of increasing stress, the ratio of the peak reflected stress to the incident stress could be greater than two
for reflection at a rigid boundary. In the case of air, for example, it raonqc from a factor of two to a factor of eight, de-
pending on the magnitude of the shock strength. This is of considerable importance in determining air-blast loadings on
structures, Soil also has a nonlinear response and has been obscrved in laboratory experiments to shock-up. Consequently,
observations of reflection factors greater than two for shock - aves in soil are not surprising.

Nonlinear Case: Ottawa Sand
Figure C-2 is an X-t diagram for an actual test in which a step pulse loading of about 32 psi was applied to 20-

30 Ottawa sand at e, d-nsity of 110 lb,/ft2 (or a void ratik of about 0.51). The top ond bottom traces are lateral stress-time
histories measured at x = I and x = 11.8 in., i.e., at measuring stations I in. from each end of the column. The middle
trace is a history of the axial displacement at x = 5.8 in. Note the precursor and that at the bottom station the rise time
of the incident main wave is faster than it is at the top station, where the rise time appears to be about 600 usec. Careful
analysis shows that the incident wave at the bottom station has been interfered with by the reflected pulse; nevertheless, a
portion of it can be seen just before reflection. At the top station, it may be seen that the stress remains faithfully con-
stant until the arrival of the reflected wave (except for the bump which corresponds in time to arrival at that station of the
reflected precursor). This is what would be expected at a station this close to the input end of the sample for a constant
applied axial stress. 25 PSI

Since the lateral stress is, in
fact, generated by the axial stress and is
directly related to that axial stress, the
lateral-stress gauges might also be used to
determine the corresponding "free-field"
axial stress, provided, of course, the ratio 10 PSI
of lateral to axial stress remains constant, 0
which condition has been observed to be -0
true until arrival of an unloading wave.
The traces from these stress gauges can be I 2 4 03(it)
used to determine reflection factors.

For the denser 20-30 Ottawa sand
samples studied, reflection factors of 2.5
to 3.2 have been measured in the region of
applied stress between 20 and 500 psi. 0.050 INCH
(Actually, the reflection factor may be
found in a number of ways.) Looking at W
the ratio of the peak reflected stress to the X - (58t)
incident stress at the two lateral stress Z I %
measuring stations for the particular load-
ing of Figure C-2, we see that reflection -. P
factors of 2.5 and 2.9 are indicated. The o.
upper station reflection factor of 2.5 is not a
quite correct because an unloading wave
(indicated by the dip between 2.9 and 3.0
msec) started to emanate from that location.
Another measure of the reflection factor
may be obtained from examining the char-
acteristics in the X-t diagram, i.e., by
using the wave velocities of the front and 9 1
the peak particle velocities that are indi- 12.V I 2 I 12.8
cated by the diagonal lines intersecting the 0 I 2 4
base lines of the lateral stress traces. The TIME (MSEC)
particle velocity changes associated with Fig. C-2 X-t Diagram Indicating Lateral Stress-Time and Axial
the reflected and incident waves have been Displocement-Time Histories at the Locations Marked
equal, i.e., from 0 to v and from v back to Along a Column of 20-30 Ottawa Sand at 110.0 pcf
0, just as in the example of the ideal Density for a Step Pulse Loading to 32 psi
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elastic medium. Also, the change in density p as a result of the axial strain 4s still comparatively small, i.e., Po 0 Pi"
Thus, to a first approximation the reflection factor (or + i)/g i* or ar/d* + I can be obtained from the relationship

Aar Pi C/v Cr

I 0 1 I

For the case under discussion, examination of Figure C-2 shows that I plus the ratio of the reflected to the incident wave
velocity is approximately 2.7.

The top trace of Figure C-3 is the displacement-time history obtained for the input end of the column and the
bottom trace is the time history of the reflected stress for the same test as shown in Figure C-2. Consequently, the same
characteristics must be drawn, i.e., the same wave velocities apply and the paints of intersection of these characteristics
along the column are the same as in the previous Figure. In examining the upper trace, it capi be seen that the displace-
ment-time curve indicates that the piston accelerates for a period of time and then achieves constant particle velocity
after 600 to 800 ,sec, which signifies that there is no differential force across the piston and, hence, that the input end
of the soil column is now stressed up to the incident level. Thus, the rise time of the incident wave at the input end of
the column is about 700 ,sec. (From the upper trace of Figure C-2, it may be recalled that 1 in. further downstream, a
rise time of 600 Asec was indicated.) The piston, thenceforth, is seen to move with constant particle velocity until the
arrival of the reflected wave front.

The peak displacements in Figures C-2 and C-3 correspond roughly to the arrival of the so level of stress in the
returning wave. Many oscillations, that is cycles, of the waves through the sample, occur before equilibrium is reached.
They are generally not recorded, but the equilibrium conditions are, as indicated by the broken lines in Figure C-3.
Examination of those particular conditions -0.100 INCH
shows the equilibrium stress is 32 psi and P-0.080
the equilibrium displacement of the input
end of the column is about 0.080 in. This
demonstrates that although a large decrease
in stress has taken place (from the peak re-
flected stress of about 85 psi down to 32
psi), the displacement decrease has been
only about 15 percent. It is clear that the 0- ,(7
ratio of the peak reflected stress to the in-
cident stress (or equilibrium, since the
input is a step pulse) is given by 85 - 32,
which once again indicates a reflection
factor of about 2.7 for the particular case
shown.b

SUMMWARYI

It has been found in c study of X
shock loadings on granular nr .terials that
peak reflected stresses ore invarinbly
greater than twice the inciden - resses
when the reflections occur at , rigid
boundary. The method of characteristics
has been employed to follow soil response,
beyond the time at which reflections occur, 3
with a great deal of success. Reflection
phenomena will be of Interest in the study
of soil-structure interaction where shaip-
fronted impulsive loads occur.

lt-----0 102.81t)
0 I 3 4.

*The subscrIpt o rFein to conditions ahead TIME (MSEC)

of the incident wave, I to conditions be- Fig. C-3 X-t Diagram Indicating Axial Stress-Time and Displacement-

hind the incident %avo, and r to condi- Time Histories at the Locations Marked Along a Column of

tions behind the reflected wove. 20-30 Ottawa Sand at 110.0 pcf Density for a Step Pulse
Loading to 32 psi
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STATIC AND DYNAMIC CONSTRAINED MODULI OF FRENCHMAN FLAT SOILS
by

A. J. Hendron, Jr.* and M. T. Davisson**

INTRODUCTION

The advent of megaton sized weapons has necessitated higher degrees of hardness for protective structures. Design
requirements for hardened installations require that procedures be developed for predicting ground motions at pressure levels
on the order of several thousands of psi. The most versatile procedure used for predicting ground motion (1) is based on

observations at the Nevada Test Site at locations where the overpressures were on the order of hundreds of psi. These
observations were correlated with dynamic constrained moduli determined in the laboratory under ýomparabIe pressures.
Because the pressures now of interest are almost an order of magnitude higher, it is desirable that the dynamic constrained

moduli of various types of soils be examined at higher pressures in order to investigate the fecr,'bility of using tWe prezýtnt
ground motion prediction procedures for today's needs. Since most of the field obeirvations have been made at the Nevada
Test Site, it is of interest to investigate the static and dynamic behavior of Frenciman Flat soils in one-dimrnisional com-
pression. The results of both dynamic and static one-dimensional compression tests on undisturbed samples of Fre ichman
Flat silt are reported in this paper and a comparison is made with the constrained moduli determined on Frenchman F lat
soils by other methods.

SITE CONDITIONS

The site from which the undisturbed samples were obtained is located approximately 15 miles north of Mercury,
Nevada, in an area known as Frenchman Flat. Three borings designated B-i, B-2, and B-3 were made at the site. B-I is
approximately 4,000 fret from B-2, whereas B-3, is located between B-I and B-2 at a distance of 1,000 feet from B-I.
The surrounding topography is flat, dusty and no vegetation is visible. Frenchman Flat is a playa, or an undrained desert
basin. The soil formations are typical of those formed in desert environments involving desert type processes of erosion and
deposition.

SOIL PROFILE

Soils Description
The soil may be described generally as a hard friable tan silt with varying structure, cementation and strength.

According to the Unified Soil Classification System, the soil is described as a silt of low plasticity, designated ML. In
situ, the soil is above the water table and is unsaturated.

Index Prerties
Seven hand carved undisturbed samples of Frenchman Flat Playa were obtained From borings B-I and B-2. The sample

depths, Atterberg Limits and moisture-density data in the as received conditions are given in Table I. The sample from
boring B-I at a depth of 40 feet was non plastic, whereas the liquid limits varied from 30.7 to 37.5 for the other samples;
the plastic limits varied from 23.8 to 30.7. Considerable variation was observed in the specific gravity of the soil solids;

the values varied from 2.63 to 2.78. The natural moisture contents varied from 8.3 percent to 16.4 peroent whereas the

dry densities varied from 71.9 pcf to 91.0 pcf. Five of the samples hod dry densities in the range From 84 pcf to 87 pcf.

The initial degrees of saturation varied from 25 percent to 47 percent.

Results of unconsolidated - undrained triaxial tests aot each of the seven samples of Playa silt are given in Figure I

which indicates a cohesion intercept of 8.5 psi and an angle of internal friction of 34.90.

Elastic P N*fies and Seismic Data
The elaitic properties of Frenchman Flat silt were determined at the boring locations from the results of in situ

vibration tests and seismic compression wave velocity determinations. This work was performed by the Wateways Experiment

Station (WES); a detailed descr;ption of the procedures and test results are given by Fowler and Fry (2). A summary of the

*ist Lt., U. S. Army Engineer, Waterways Experiment Station, Vicksburg, Misissippi. Also Anistont Profesor of Civil

Engineering, University of Illinois, Urbana, Illinois, On Military Leave of Absence.

**Ancciate Professor of Civil Engineering, University of Illinois, Urbana, Illinois.
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TABLE I

INDEX PROPERTIES OF UNDISTURBED SAMPLES OF PLAYA SILT

Dry
uepth Liquid Plastic Specific water Content Density Density

Boring Ft. L mut Limit Gravity / lb/ft. Ili/ft.3

0 33.1 25.9 2.78 11.6 96.9 86.9

B-I 20 33.1 25.7 2.63 1I.b 94.4 85.4

40 NP NP 2.71 8.3 9).6 83.7

3 33.7 23.b 2 76 9.1 97.1 8d-5

20 37.1 33.' 2.b8 13 t, 81.6 71.9

B-2 40 3J.7 24.6 2.73 17.8 96.5 95.b

70 7.3 2.b8 Iu.4 1036. 0 91.3

So Tple.
o 8-2-0 F
o 8-2-20
A 8-1-20
a 8-2-40 - i _

8 9-1-40 -
A 8-2-70

to -t

-474

-I.

4 0- _ _

000

Fig. jModified Molr-Coulow6 Envelope for Playa t~lt
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elastic soil propertie~s determined by the WES is presented in Table 2. On the basis of the shear velocities determined from
field vibration tesh, and the compression wave velocities, Young's Modulus E, the shear modulus G, and Poisson's ratio FL,
were calculated. Generally, E and G increase with depth with the values of G being approximately 1/3 the corresponding
value of E; Poisson's ratio is approximately 0.40. The values of E vary from approximately 6,000 psi at the ground surface
to 65,000 psi at a depth of 50 ft.

1ABLE

-,OP"ý 0ý ELUSTlIC SOIL PROPER TIL1ý DEf 1kPV) BY WES

*phVelociy, ttisec E Gj Poi sson' s
h ~ratio0

sieF IS:C Vi br. 100 psi I 00 Ps~iI
C~r S he. r __________________

B-I1 1-~ I75j 7 ŽU-4 j -2j 0.40

I - j 2~03 41,-63 23 0.40

0-3 d06- 1 j '4 U.36

4-.? 1O53 4-28 5-9 0.44

12-42 12t)0 UJj 1" 2- b9 W-25

o .1 00 450 5-2 1 7-8 0.4j

6-3 .5 -2 4.5 14110 750 20-49 b- Ib 3.40

24,5-4ý> 2300 1000 53-0 i8-23 J.40

THE BEHAVIOR OF PLAYA SILT LOADED STATICALLY
IN ONE-DIMENSIONAL COMPRESSION

nedmnsoa compression tests were performed on samples of playa silt to a maximu.m axial stress of 5480 psi.

The test apparatus is illustrated schematically in Figure 2. The apparatus consists essentially of a thin steel ring which

Fig. ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ Da 2O SceMioCotSciownOeDiesoa Cmrsin paau

Oil Fom TSTIN VericalSt7o
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contains the soil specimen and which in turn is surrounded by an annular space filled with oil. As the soil specimen is
stressed axially, radial stresses are induced which tend to increase the diameter of the thin steel ring. Any change in dia-
meter of the ring is immediately detected by the circumferential, metalfilm, strain gauges which are mounted on the flexible
ring as shown in Figure 2. In order to maintain a condition of zero radial strain, the oil pressure is modified with changes
in axial stress such that the strain indicator remains at a null position during the test. In the null position the radial strains
are zero and the oil pressure is equal to the radial pressure acting on the soil specimen. A thorough diwcussion of the design,
calibration, and operation of the device is given by Hendron (3) and the procedure developed for trimming undisturbed soil
specimens into the apparatus is given by Hendron and Davisson (4).

S500 t "

Testing Procedure Somple-B-1-20 i
A seating load of 20 psi Wi -9.8% -

was applied to each specimen Sri -- 27e %
before zero readings were taken 00 -'1 -- 93.3pcf
on the dial indicators used to t - 85.4 pcf
measure the OxiOl strain. A di -2.63
deformation rate of approximate- e1 -20.93

ly 0.02 inch per minute was
applied with a compression I f i
testing machine. The lateral
stress was continuously adjusted
to null the radial strains as the I
axial stress was varied. The 4000

radial stress and the deformation
were recorded at predetermined - -"- !
values of the axial stress duringloading. During the unloading Wooi • •

phase of the test the radial !

stress and the deformation were
recorded simultaneously at
arbitrary levels of axial stre. 3ooo -I- - -'

Strei-Sltrin Relationships -°- - - -+-±-

The axial strew-strain * ji
curve for specimen 8-1-20, : t . * - - i
shown in Figure 3, is typical Z'/
of all seven static stress-strain "'
curves; thae curves are given
In Figures 4 and 5 for borings o1
S-I and 9-2, respectively. T T

Initially the stress-strain curve "
is concave downward until a t.
point of inflection is reached, ' ..

labeled Point A, at which the
curve become• concave up•prd. i j
Thetefor*, the spec imenT
initially increame in comn-
ptessblity as the stress level low .-- b.-.~--4-$- ~--.
is increaed up to point A.
beyond point A the com-
presusibility decreases as the
stress level is increl d up to 900 4. --
the maximum axial stres
obseved. The unlooding ----- ~
poerion of the strm-rtramn
curve is vey stp (high 0
modIlus) in the highpresure 0 0•s 0 is .110 30 is

n.ges, but the modulus de- Augi Stran, a, in/in

creas markedly below a Fig. 3 Strest-Stroin Curve for Plo~a Silt in
stres of approximately 200 psi. On*-Dimenionai Compression
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Tke initial slope of the stress-strain curve is primarily a result of cementation that is typical of the soils at the
Nevada test site; it is also caused to some extent by desiccation. The cementation is gradually destroyed as the strain is
increased; therefore the stress-strain diagram manifests an initial curvature which is concave downward. Near the point of
inflection A, Figure 3, the initial stiffness due to cementation is completely destroyed and the slope of the stress-strain
curve begins to increase with the stress level. The phenomenor of the slope of the stress-strain diagram (tangent modulus)
increasing with stress level is probably operative from the initiation of loading, but in the Nevada soils it is masked almost
entirely by the effects of
cementation. The tests per-
formed by Hendron (3) on un-
cemented, cohesionless soils
show a concave upward stress- L
strain diagram throughout the
loading range. It is likely that
if some cementation were
applied to the four sands tested
by Hendron, stress-strain curves
similar to thcse for the Nevada
soils would be obtained.

In Table 3 tne axial
stress and strain values at the 4oC<: ___

inflection points A are
tabulated. The average strain
value at point A is approxi-
mately 4 to 5 percent for all
tests on undisturbed samples.
Tile data given in Table 3 for
tne samples from boring B-2
indicate that the stress levels #-
at which the inflection points
occur increase with depth. A b0

similar conclusion could be
drawn from boring B-1 except v
for sa•mple B-1-40 which con-
tained considerable amounts /
of fine sand and was less -Z
cemented than tHe other
samples. Table 3 also lists • .
the maximum axial strain ood
the ratios of the residual strain
to r'nxim.ruy, strain for all tests.
The maximum strin reached
at the peak stress of 5,480 psi
rongea from 22.2 percent to
33.8 percent and avetatqe
27.4 per-ceot for all specimens. 1.
The ratio of residual to
maiFnm rstrain voried from I
0.70 to 0.. , and overoaed I
0.80 for all specimens.

Au1ol S•rain, to% in /in

Fit,. 4 Strem.-Strain Curve for Ploya Silt in
One-Diwomsional Cofmfsinan
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Constrained Moduli-Strcs Relationships
Many of the ground motion problems in protective construction may be approximated by assuming that the dis-

placements occur in the direction of stress wave propogation, and that movements perpendicular to this direction are

negligible. Undet these assumed strain conditions, the constrained modulus becomes the significant soil property because

it controls the magnitude of the ground motions. A constrained secant modulus of deformation, Ms, is by definition the

ratio of the axiol stress to the axial strain under conditions of zero radial strain.
A typical plot of con-

strained secant modulus ve/us
cxial stress is shown in Figure
6 for sample B-1-20. The
secant modul.s has an initial
value at very low stresses which 51X' --- -

is believed to be primarily the
result of cementatico and, to
a lesser extent, of preload 0 17

resulting from desiccation. I-
The tests on the specimens from IM E
boring B-2 show that the initial
values of the secart modulus
tend to be esential!/the some _0___ - --

from depths of 0 ft to 20 ft, 4000

býA increase with depth from
20 ft to 70 ft; the initial
moduli at 20 ft, 40 ft, and
70ft are 11,800 psi,
23,600 psi, and 30,400 psi,
respectively. With increasing .
axial stress the secant modulus c
decreases until a minimum a----,-- ---

value is reached at axial b

stress between 200 psi and •"
1,100 psi. The axial stresses ,
at which the secant modulus -
reaches a mmn:-'vm are 50 psi, s
500psi, 7Opsi or-d 10psi -
for "pciments B-21-0, 8-2-20,
B-2-40, ind 5-2-70, - -.. .

respectively. T•erefo•e the
axial stress at which the wecant
modulus reaches a minimum
value increanes with depth at
boring B-2. T". foregoing
variation of modulus with

depth cannot be oetected from
the test results on specirmens
from, boring t- I.

boycvtlo the stress of
which the secant modults
pasu thVokh a minimuM ther
is newrly a linea relationship
between secanet modul-is and
axial strea. FPimhermore, aj
g0ver va•es of the axial stress
the constrained secant modulus - . - -

of Oe udistuqbed specimosw
Was found to be dependent on Axial Strain, i rn /in
th initiI void ratio as
in Figure 7. In geneal, the Fig. 5 Stress-Strain Cuve for Piovo Silt in

constrimred secaMt MdOull One-Dimensional Comprgereso
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SOIL-STRUCTURE INTERACTION
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WAVE PROPAGATION

decrecses at a decreasing rate as the initial void ratio increases for all levels of axial stress up to 5,000 psi.

Axial Stress-Radial Stress Relationships
Under conditions of one-dimensional compression, radial stresses are inducod as a result of an increase in axial

stress. The ratio of the effective radial stress to the effective axial stress .,nder conditions of zero radial strain is defined
as the coefficient of earth pressure at rest. In this series of static one-dimensional tests full drainage could not occur;
therefore, the ratio of the radial stress and axial stress determineo during the test is essentioily in terms of total stresses.
The syrmol Ko is used herein to represent the ratio of radial stress to axial stress on a total stress basks although it is
normally used as an effective stress relationship.

A typical relationship of the axial and radial stresses for the static tests is shown on Figure 8 for specimen 8-1-70.
Throughout the entire range of loading the relationship is essentially a straight line; the slope ranges between 0.47 and
0.56. It is believed that for all tests except B-2-70 and the remolded spec;men the relationship is probably close to an
effective stress relationship because there is no tendency for the slope to increase. The values of Ko for the loading
portion of each test are given in Table 3.

As unloading begins the radial stresses are reduced at a slower rate than the axial stress; this results in a concave
downward curve that lies above the loading curve as shown on Figure 8. At lower pressures, below approximately
1,000 psi, Ko genera!ly exceeds unity and increases to values in excess of 3 or all specimens at an axial stress of 250 psi.
The residual radial stress varied from 150 psi to 350 psi for all samples upon complete removal of the axial stress.

The axial stress-radial stress relationship for test B-2-70 shows a definite tendency for the radial stress to increase
rapidly in the latter stages of loading. This is consistent with the high degrees of saturation that are obtained (95 percent)
at the maximum stress, as given on Table 3. The effect of the degree of saturation on Ko is shown on Figure 9 for a test
conducted on remolded playa sil. At saturations below 80 percent Ko is constant (0.51), but as ;he degree of saturation
approaches 85 percent Ko begins to increase rapidly with the degree of saturation. A more 5ensitive indicator of the effect
of the degree of saturation is the rate of change of the radial stress with respect to the axia! stresv at a given degree of
saturation; this relationship is also shown on Figure 9. At a saturation of 99.6 percent the rate of change of radial stress
with respect to axial stress was measured to be 1 .01; this is indicative of experimental error because the maximum value
cannot exceed unity.

Sample - B-I1 -20
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Fig. 8 Relationship Between Axial and Radial Stress for Playa Silt in
One-Dimensional Compression
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SOIL-STRUCTURE INTERACTION

The coefficient of earth pressure at rest Ko is often related to a pseudo-Poisson's ratio for soil by the relationship
Ko = ýL/l - p., or p. = Ko/1 + K.. Values of the pseudo-Poisson's ratio for all tests are given in Table 3; they vary
from 0.32 to 0.36.

THE BEHAVIOR OF PLAYA SILT LOADED DYNAMICALLY IN
ONE-DIMENSIONAL COMPRESSION

General
Dynamic one-dimensional compression tests were performed on specimens from each of the seven undisturbed samples

furnished for this study. The test specimen designations are the same as those for the static test series. An additional
test was performed on a second specimen carved from sample B-2-70. Therefore, two designations are used for the specimens
from boring B-2 at a depth of 70 ft; these are B-2-70a and B-2-70b.

Tme axial stress-strain behavior and the rodiai stress concomitant with limited radial strains were measured to axial
stress levels varying from. 3,900 psi to 20,300 psi. Descriptions of both the apparatus and the experimental procedures are
given below. Two different iooding machines were used; one is denoted as dynamic whereas the other is denoted as rapid.

"Af•ratus
A 4-inch diameter steel ring with a height of one inch is used to confine the test saec;me4. in order to limit the

amount of radial strain induced by an applied axial stres, the thickness of the ring in the radial direction adjusted for
the range of radial stresses that will be imposed. It is desirable to maintain the radial strains in a null position, as was
accomplished in the static tests, but this is not presently practical in a dynamic test; therefore, limited amounts of radial

_o I I _Rffn~e Sw*~

Wi 163 %

Sri :45.2 %
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Fig. 9 The Relationship Between the Coefficient of Earth Pressure at Rest
and Degree of Saturation for Remolded Piaya Silt
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WAVE PROPAGATION

strain are allowed to occur. SR-4 gauges were mounted on the outside of the ring to detect the radial strains and furnish
a means of determining the radial stress.

The essential feature of the rapid loading machine is that it will apply an axial compressive load of a predetermined
magnitude on the specimen in the confining ring in approximately 0.1 second. A schematic of the rapid loading machine
is shown in Figure 10. It is essentially a hydraulic ram mounted in a frame; the load is applied rapidly by vigorously
operating a lever valve tiat connects the hydraulic ram to a reservoir of oil subjected to high pressure fto-, mejmotic
source. The load sensing element is a hollow steel cylinder equipped with SR-4 gauges. Axial deformations were measured
with a linear variable differential transformer.

The test results obtained for specimen B-2-40 in the rapid test machine are presented on Figure 11. The axial and
radial stresses and the axial strain have been plotted against time expressed in milliseconds. The curves ore for the initial
portion of the test, but they also include a considerable amount of the steady-state or constant-load part of the test. The
data were obtained from FM magnetic tape recordings. In addition, oscillograph traces were obtained, but these 3re not
as accurate nor do they have the frequency response of the FM tape system. Fronm the data in Table 4 it is seen that the
load increased from zero tu its peak value in 128 millseconds; in addition, it remained on the specimen for 514 milli-
seconds (dwell rime) and was decayed to zero in 86 milliseconds. By summing these time intervals the duration of the
test becomes 728 mill iseconds.

The essential features of the dynamic loader are the some as those for the rapid loader except for the mechanism
that produces the dynamic load. It is possible to apply the full load in approximately 3 milliseconds with the dynamic
loader. The axial and radial stress and axial strain instrumentation are the same as used for the rapid Icading machine.
The Loading device itself is entirely pneumatic. As shown in Figure 12, pneumatic pressure is stored in a chamber equipped
with a rapid opening valve. At the start of the test the valve is opened and the stored pneumatic pressure escapes and
exerts a downward pressure on the piston which loads the dynamometer and the soil specimen. The load is decayed by
operating another rapid opening valve that vents the pneumatic pressure to the atmosphere. Further details of the loading
equipment are described by Sinnamon and McVinnie (5), and Kane, Davisson, Olson and Sinnamon (6).

The axial and radial stresses and the axial strain have been plotted against time for test specimen B-1-0 on
Figure 13. In order to magnify the phenomena which occuv at early times, only the first 15 milliseconds of the test data
taken from the FM tape recording have been shown.

Preswe-
maiif ol

Slow Piston- .---

* nstrunwsntedI
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* * 00

00 
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Fig. 10 Schematic of Rapid Loading Machine
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Test Procedure
7n-Thterapid loading machine a seating load of approximately 1 to 2 psi was applied to each specimen before

recording either the calibrations or the zero readings. The characteristics of the dynamic loading machine, however, re-
quired a seating load of approximately 120 psi on the specimen before the zero determinations could be made for axial
strain. No attempt has been mcde to correct the test data for the rather high seating load that was applied.

Stress-Strain Relationships
no strs-strain rlationhips for the eight dynamic and rapid tests are shown in Figures 14 and 15. Using specimen

B-1-0 as an example, it is observed that the shess-strain relationship is concave downward until a stress of approximately
1,000 psi and a strain of approxdrnc:ely 4 percent is reached at the point of inflectior A. Beyond point A the stress-strain
curve is concave upwara in a manner similar to that for the static tests. The rebound or decay portion of the stress strain
curve has a steep slope (high modulos) slope down to stresses on the order of 100 psi to 1,000 psi. Below stress levels from
100 psi to 1,000 psi the slope of the curve decreases markedly (low modulus) as the stress decreases. Tke residual strains
vary from 77 percent to 91 percent of the maximum (steady state) strains and average 83 percent; the strain data are listed
in Table 4.

A summary of the dynamic and rapid test data including: the rise, dwell and decay times; the axial stresses, strains
and degrees of saturation at the peak axial stress; and the steady-state stresses and strains is presented in Table 4. It is

noted that for saomple B-1-0 a peak stress of 20,300 psi was recorded although the steady-state stress was only 8,200 psi.
Therefore, an overshoot equal to approximately 150 percent of the steady-state stress occurs. For the other dynamic tests
the overshoot varies between approximately 100 percent and 200 percent. Because the overshoot of the gas loading on the
piston surface has been shown by Sinnamon and McVinnie (3) to be on the order of 20 percent to 25 percent of the steady-
state stress, it must be concluded that the high observed overshoots are a function of the mass of the piston and the stress-
strain properties of the specimen. The weight of the piston assembly is approximately 150 lbs.

On Figure 13 it can be seen that approximately 80 percent of the steady-state strain occurs at the time of the first
stress peak (3.1 milliseconds). The remaining 20 percent strain occurs in the next 2 milliseconds and no significant increase
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Y - 946 pef

-so-- 2 73

, - 0990

Q . . A

003

C

0

t0 1

T sme . mneec

Fig. I1 Rapid Test Data
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WAVE PROPAGATION

in strain occurs thereafter. It is probable that if the steady-state stress could h(;ve been apn>!•ed without the overshoot
occurring, a lower steady-state strain would have been observed. In this case the strain re..•onse would probably have been
more like that observed for specimen B-2-40 on Figure 11 where a rise time of approximateiy 100 to 150 milliseconds was
required for the stress and the strain to be in phase. It is believed that the stress overshoot induce; strains beyond those
that would occur if the steady-state stress were applied without overshoot. Therefore, high ove.,'ioots have the effect of
forcing the steady-state strain to be nearly in phase with the applied stress, but lagging i. somewhat, in this instance by
2 milliseconds.

Constrained Modulus-Stress Relationships
The dynamic and rapid secant modiuli Mcs have been determined from the stress-strain curves and are presented on

Figures 16 and 17. Considering the shape of the stress-strain curves it is clear that tie initial secant modulus should be
ve~y nearly the modulus determined from seismic and vibration investigations. Because of the concave downward stress-
strain relationship, the secant modulus decreases until the point of inflection A is passed. Beyond point A the modulus
begins to increase continuously with increases in axial stress. It is noted that a srvaight Ilne approximates the secant
modulus - axial stress relationship between axial stresses of 2,000 psi and 10,000 psi for all 8 tests; if specimens B-1-0 and
B-2-70b are excluded, the secant modulus-stress relationship is nearly linear between ',000 psi and 10,000 psi.

The stress at a given strain in a dynamic test is approximately twice tkit observed for a static test on the correspond-
ing specimen; therefore, the secant modulus in a dynamic test is also appro;:,ately rwice that for a static test (or a rapid
test). This phenomenon is a function of the permeability of the soil and the initial degree of saturation. In the dynamic
tests the air and water in the soil voids do not have time to adjust geometrically to the applied strains as the soil skeleton
is stressed. This causes a transient pore pressure which has a variable natgritude from void to void. Part of the observed
soil stiffness is, therefore, due to the high bulk modulus of the water mn the. soil voids. In the rapid tests sufficient time
was available for partial air drainage and at least partial redistributirn L t the pore water in the voids; therefore, the
observed moduli were lower than those from the dynamic tests.

TABLE 4
SUMMARY OF DYNAMIC A.NJD RAPIU TLST DATA

Rise D., D , %. i o.si ,,., o.f e,, o. ,n ..

,-,-•ol, we D's,,' 16,,oo o.n/ ,,.% o46 -• "."n S, Ow to.

B-1-0 3.1 "a8 129 20 3 0.230 6C,.3 0.59 8,200 0.290 0.3 00*.4
3 523 Il 0,3 000' 0.90 8.0405.8 5

11 1-200 0.9 (.j0508 5500 0.2S5 0.235 825" 0.043

6-1 4 5 4. 3 g ,40010.245!443.6 04 ,0 .3 )20 40 .4

-- 45 5~ S35 390 0.2451 55.0 0.60 3,600 0.246 0.190 13,5 0.4

.1I & - -

f 22 106 609  6 ,60d 0.2741 62.3 0.54 7,40D,0.290 0.240 200 0.0s5

8l-2-40 128 519k S6j *,0 .25 7.5 10.46 6,300 0.310 . 4 0.6

I27Ai4.2 1 85 7 ,000 0. 200 93.1 0.56 2,300 0.Z3010.193 70' 0.030
4-4- I-t -~ -- 4

6--S13.1 1 420 1 112 16,0W0 0.200 91.2 j0.52 6,600 0.27010Z4 9' 0.023

Does not include 120 psi seating lood,
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Axial Stress-Radial Relationship
At any given stress level the ratio of the radial stress to the axial stress is called Ko; it should be noted that this

ratio as referred to herein is based on total stresses, not effective stresses. The subscript zero usuu'ly denotes that no
radial strains are involved; however, in the dynamic tests limited radial straim were allowed to occur. A sumrnry of tho
K. data upon initial loading is given in Table 4. The values generally range between 0.5 and 0.6 fIr axial stress elels
below 5,000 psi.

Because of the large axial strains, on the order of 20 to 30 percent, a correction was applied to the measured
radial strains in order to obtain the raJial stresses believed to be more reo-esentative. Because a thick ring ib used as the
radial strain sensing element, it is possible to have several pressure conditions or. the inside of the ring that produce the
same response in the strain gauges on the perimeter of the ring. For this reason, the confining ring is essentially a load
measuring device. An attempt to correct the measured radial stress has been made by dividing the load determined from
a hydraulic calibration by the actual area of the specimen. This amounts to dividing the indicated radial stress by the
quantity, 1 - 4 .

The K dat for sample B-1-0 is given in Figure 18. The loading portion of the curve Is nearly linear to the peak
stress of 20,3A) psi. On this portion of the curve Ko has a value of 0.59. Upon unloading, the value of Ko increases
as shown by the solid line. This is in accordance with the behavior of soil specimens loaded statically.

The dashed line indicates that several oscillations occur in this area. The solid line returning to zero axial
stress is determined from the unloading portion of the radial stress and axial stress vesus time records.
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INTERPRETATION OF TEST RESULTS

General
In interpreting the data it is recognized that the constrained modulus is the most important quanti"y under con-

sideration. Alo of importance are the values of Ko because lateral pressure predictions are also necessary for the desig i
of underground protective structures. In the lower pressure ranges, the point of inflection A on the stress-strain curves
may have considerable
significance with respect to
stress attenuation. For these
purposes the seismic and
vibration Joto, and the static,
rapid and dynamic one- 2 1(o .
dimensional compression tests F
have been considered together
in order to develop a unified
picture of the behavior of
playa silt.

It must be remembered
that the data under consider-
ation are from two different
borin-,gs approximately 4000 ft ,. .. .. .... -.
apart. Even though the soil
deposit is uniform in a given
horizon as compared to most
soil profiles, there are
variations from specimen to
specimen that make the inter-
pretatior of the test results a u
matter of considerable Q

individual judgment. Further- .
mare, at least two or three b
distinct soil layers have been v
detected at the Nevada Tes#
Site as evidenced by the data .
in Table 2. Within each of m
these distinct soil layers
them rare variations in the soIl .
gradation within a distance of '

a few inches vertically.
Therefore, it is clear that
correltion for this particuler
soil for which generalizations
con be mode will be crude
because the test pcimeri
are themselves a variable.

Secant Modulus.
A c ison of the

secant moduli determIned from
the rapid and static tuft is
given on Figure 19 for strmt
levels up to 5,000 pti. Them
is nearly a I to I corre-
pondence between the static
ond rapd tuft. A smilar
conoparnson has bee made on AitOl Stroin. -ff. In /n
Figure 20 for the secant moduli
from dynamic (nd slitic tests. Fig. 14 Stiss-Strain Curve for Playa Silt in
The data kqggew that the One-Dinuwiool Comprituion
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dynamic moduli are on the order of 1.85 the static moduli up th an axial stress level of 5,O00 psi. The above comparison
between static tests and aynamic tests indicates that for rise times on !he order of 2 to 3 milliseconds the soil stiffness is
approximately doubled. Furthermore, for the three rapid tests with r-se times between 100 and 150 millisecords the resu0lts
were nearly the same as for the static tests.

Secant modoli-axial stress relationships are shown for all tests in Figjre 21. Tie results from th* static and rapid
tests fall within a relatively narrow band. The Iinr that has been selected to iepre,.ent this band is given by
MCs 4000+ 3O0-. This

vress'-. below 1000 psi. Al-

t'.juh the static tests were no'
carreu h, or, axial stress
beyond 5,500 psi, it is be- 2:oc-
lived that the relationship
WoJId bie valid to a stress of
10,000 psi; this conclusion is
based upon the results of the
dynamic and rapid tests which
indicate linearity up to
10,000 psi. In a similar
manner, the dynamic moduli - --

have beer, plotted versus the
axial stress. Instead of failing
within a narrow bond, the
data tend to diverge as the
axial stress is increased. A
dashed line with ordinates
1.85 times the ordinates of the -

line used to represent the CL
static and rapid tests is shown 200C, --

in Figure 21 for comparison b" 1
with the dynamic cdate. A .+

slightly different line with the
equation M/s = 13,000 + 4 C-a
has been selected to represent V)
the dynamic test data. This
relationship is valid in the
axial stroe range from 2,000 + ...... -

psi to 10,000 psi. For three
of the five dynamic tests, the
relationship would be valid
down to 1,000 psi. The for*-
going information leads
directly to a simple procedure
for electing a constrained
secant modulus for groutnd
motion studies at the Nevada
Test Site for stress levels
beyond 1,000 psi. Becouse the
soils of the Nevada Test Site
ore above the water table, and
have a very low degree of
soturotion, a rapid increase in
16e secant modulus with in-
crefting axial stres is not
detected until sftvss levels
beyond 10,tX•) psi 3@ reivched. Autot Sron. eo n /in
This stv,'tion is believea to be
peculiar to the Nevada Test Fig. IS Strou-Strain Curve for Ploya Silt in
Site* for morn normal soil One-Dimisrnsional Colrmesion
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profiles it is probable that the secant mndulus wouid increase rapidl, with ;ncreases in axial stress at much loý.er stress
levels because the initial degree of saturation is higher.

At stress levels near zero the secant modulus, and also the tangent modulus, 'ould probably be extrapo!ated to
zec stresis at a 'nodulus eciual tth,,t determined by seismic or vibrational teckniques. Considering this interpretation it
is rlour that a significant decrease in the secant moduius ta~es place during loading at stress levels below 1,000 psi. If
the minirmum points on the secant modulus-axial stress relationships are compared to the moduli determined by seismic
techniques, it is seen that the secant mooduli are on the order of 10 percent to 20 percent of the seism;c rnodul•s. At the
'4ev.aoj Test Site, soil stresses beyond the 10,000 psi to 15,000 psi range w. jld be necessary before the secant modulus
would again become ws, hqh ,•s that determined from seismic invesligat iors.

Siificance of Stra;n
As mentooi;edpreviously 'le secan, moduli determined from dnarsic tests are approximately 85 percent higher

mhcn the corresponding secant rviodul; from static tests. However, stramns at toe pcint of inflection A for both the
static and d, rariic stress-strain curves are in the ranoe of 4 p-'rcent to 5 percent. At the Nevada Test Site it is
believed that the points of inflection may be controlled by cementation more than it is by desiccation or preloading.
.An .nterpretation of the observed phenomena is tnat a strain on the order oF 4 percent to 5 percent is required lo
destroy the effects of cementation ord/or preload and desiccation. After the effects of cementation hove been

S T _

o //
0oI

0
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0 ."
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Axial Stress73, po lsi

fig. 16 TMe kvltax.hm ip boveton ConstrainedI Modulvs and Axial Stwea,
for Playa Silt in O•nw-Dimnwsional Com•ireLs;or-
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destroyed, the stress-strain curve is concave upward as observed in tests on granular mrterials without cementation.
Therefore, at low axial stress levels, gradual Jestruction of the cementation and, or preload or desiccation effects cause
the tangent modulus to deceose with an increase in the axial stres. ip to the point of inflection A. Beyond point A the
tangent modulus increases which gives a concave upward stress-strain curve. For predicti.ng ground motions at low stress
levels, the reversed curvature nf the stress-strain curve is significxnt. However, beyond the point of inflectioni, at
higher stress levels, the reverse curv -,-re at the lower stress levels is not significant except that it causes an increase in
the rise time of the oressure time curve with depth.

Another interesting strain phenomenon is observed when the residual strains are compared to the maximum strains.
In the static '.ests the residual strains averaged approximately 80 percent of the maximum strains, whereas in the dynamic
tests the residual strains were 83 percent of the steady state strains.

Radicl Stresses
On -Tguie 22 a comparison has been made between the Ko values from the static and dynamic tests in the stress

range from zero to 5,000 psi. It is observed that the Jynamic values are approximately 10 percent higher than the
corresponding static values. For practical purposes there is essentially no difference in the Ko-values; they range between
0.47 arid ,.55 for the static tests and J.46 to 0.60 for tne dynamic tesrs. An average vc!ue for Ko between 0.50 and 0.55

0

Fig. 17 V e Rlkoitio4shiip betw-eera Constiroined Modulus arid Axitil Sltires
for Ple-jo Soilt in One-Derfnse*nsaun Compmusion
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would be satisfactory for both the static and dynamic tests in the zero to 5,000 psi axial stress range.
For the remolded specimen tested statically, and for the dynamic tests on specimens B-2-70a and B-2-706, it was

ol-tserved that the K -values tend to increase when the degree of saturation reaches the range of 80 a 85 percent. This
phenernernon occur¶Yecause the air per".tability of the soil ;4 vastly det•.r,.,aed at high degrees of saturation and the air
becomes trupped. Consequently, additional increments of axial stress induce total radial stress increments that tend to
approach ihe increase in axial stress. At sites that hove more typical soil conditions than those occurring at the Nevada
Test Site (i .e., a degree of saturation in excess of 80 percent), higher K0 -values are likely to be observed below an
axial stress level of 5,000 ýs; than were observed for the tests presented herein.

Constrained Modulus-Depth Relationship at the Nevada Test Site
There are two r three distinct soil layers at the Nevada Test Site with each layer itself having natural variations

in its engineering properties. These variations are illustrated an Figure 23 wherein the following have been plotted. the
iiiitial constrained moduli for tWe static, dynamic and rapid one-dimensional tests; the constrained modulus computed from
seis-iic velocities and from the elastic constants determined with the aid of field and laboratory vibration tests. The
dashed line indicates that the seismic modulus is on the order of 25,000 psi tor the first 20 ft, but that it has a value of
approximately 180,0O0 psi below a depth of 20 ft. The Young's modulus determined with the aid of the field vibration
test has a value of 5,000 psi at the ground surface, but is believed generally to increase somewhat with depth; at a depth
of 20 ft it has a val, e of 40,000 psi increasing to approximately 65,000 psi at a depth of 40 ft. The constrained modulus
computed from the Y'oung's modulus would be approximately twice the value of Young's modulus; therefore, points have
been shown at 10,000 psi at a depth of zero ft and at 80,000 psi and 130,000 psi at depths of 20 ft and 40 ft,
respectively. It should be noted that the constrained moduli determined from vibration techniques are less than half those
computed from seismic
techniques, except at a 60

depth of 40 ft .I
The constrained S

modulus computed from 0
Wilson's laboratory vibrtion O

test (i) ik higher than the 0 50

seismic modulus in the upper .0
20 ft of the soil profile. It ,S
is believed that this phenome- -

norn occurs because the con- Lj
fining. pressure applied in E,/ - --

a 40

the laboratory causes a higher C "
modulus -o b3 observed than 0

occurs in the field where the E"/
natural material is fissured. 0

Below u depth of 20 ft the /. .

vibration tests exhibit a

modulus on the order of 1/4 1/ /
0

to 1/3 of the seismic modulus. • /
The initial* con- • /

strained secant modulus deter- ca /U
mined from the static, rapid "
and dynamic one-dimensional / /
tests, have been plotted on 1"

Figure 23 for comparison. c
The initial secant modulus 0 /

for the static and rapid tests o0 IOC "
are on the order of 8 to 15 g -

percent of the seismic /
modulus, v.,hereas the dynamic /
moduli are on the order of /

15 to 30 percent of the

* The initial constrained 0 10 20 3o 40 50

secant modulus is determined Constrained Secant Moduli From Static Tests, 1000 psi.
at axial stress levels below Fig. 20 A Comparison of Secant Moduli
200 psi. from Static and Dynamic Tests
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seismic modulus. It is also noted that the constrained modulus at the ground surfaice determined from Wilson's laboratory
vibration test is very ciose to that determined initially in the dynamic one-dimensional test.

On Figure 24 the secant moduli at an axial stress of 1,000 psi have been plotted for the static, rapid and dynamic
one-dimensional tests. The Young's modulus and constrained modulus from the field vibration and seismic tests, and from
Wilson's laboratory tests, have also been plotted for comparison. At this stress level the dynamic constrained moduli are on
the order of 10 percent to 15 percent of the moduli dcet ,rnined from seismic investigations, whereas t-e static moduli are on
the order of 4 percent to 8 percent of the seismic moduli. The dynamic moduli are also approximately 50 percent of the
moduli determined in the Wilson vibration apparatus. At the Nevada Test Site stress levcis beyond 10,000 to 15,000 psi
will be required before the dynamic secant moduli equal or exceed those determined by the Wilson device, or by seismic
means. Clearly, the use of moduli determined from laboratory vibration tests and from seismic investigations requires con-
siderable adjustment to account for the stress level that will occur in the field.

Selection of Modulus for Ground Motion Studies at the Nevada Test Site
At very low strems levels it is apparent that moduli determinations from field or laboratory vibration tests, and from

field seismic investigations, are usecul. However, as the stress level is increased the percentage of the seismic modulus
utilized must be decreased in order to account for the behavior of the soil at stress levels higher thiin that involved in
seismic and vibratory investigations. A better procedure would be to determine directly the variation in the secant modulus
with the stress level from dynamic one-dimensional compression tests.

At stress levels beyond the complications of the stress-strain curve caused by cementation, desiccation, or preload,
a very simple approximate procedure determined on the basis of the tests presented herein can be used to select the con-
strained modulus for ground motion studies at the Nevada T-st Site. The equation (Figure 21) for the dynamic modulus
M = 13,000 + 4 0- may be used for stress levels between 1,000 psi to 2,000 psi an6 10,000 psi. Another simple pro-
ced'tre would be to use twice the modulus observed in static one-dimensional tests. Note that these empirical correlations
disregard the point of inflection observed at low stress levels; they also disregard any variation in the modulus with respect
to depth. If the moduli for higher stress levels are plotted versus depth it will be seen that there is a tendency for the

Static One-Dwmrensiona Tests I
Dynamic One-Oifmnonol Tests

0 Rapid One-Dimensional Tests

M0I,(Dynamic) 185 -- i_ Stic-

i• . //• "•t Met :~13000 ,eOm~l
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* I0,

.
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C01

10-00' McS Z4000 1, 3%(Sta t, or oi€ Rapid)

0 1OO0 ?c00 sooo 4000 5OOO woo 0OOO 11000 90O
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Fig. 21 The Relationship Between Static, Rapid and Dynamic
Constrained Secant Moduli with Axial Stress
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moduli to become nearly constant with respect to depth. This is reasonable ccrisidering that the effects of cementation,
desiccaticn and preload are negligible with respect to the stress level that is applied. However, if the details of stress
wave propagation are to be considered in ground motion studies, then the actual shape of the stress-strain curve will have
to be considered.

CONCLUSIONS

At a given stress level the dynamic constrained modulus (rise time of 2-3 milliseconds) is approximately twice the
static modulus. However, for rise times of 100 milliseconds or longer the modulus is essentially equal to the undrained
static moduius.

The constrained modulus is strongly dependent on the stress level. At low stress levels, on the order of several psi,
the modulus is essentially equal to that determined by vibratiori tests, or even seismic techniques. As the stress level is
increased the modulus decreases, reaching a minimum at approximately 1,000 to 2,000 psi. Thereafter, the modulus
increases nearly linearly with an increase in the stress level.

Under actual field conditions for stress levels below the range of 1,000 to 2,000 psi, the rise time of the peak
stress should increase with depth because of the concave downward stress-strain relationship. This conclusion is also
substantiated by field observations. Stress levels considerably above these values would be necessary for a shock to
form or continue to be propagated.

The prediction of ground motions by using an effective seismic velocity involves considerable judgment. At stress
levels of approximately 1,000 to 2,000 psi an effective velocity of 30 percent of the seismic velocity is required. Note
that the 75 percent factor commonly recommended would be considerably in error for overpressures in the 1,000 to
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2,000 psi range.
The playa silt at Frenchman Flat is an unusual soil when compared to those normally encountered in construction.

The prediction of ground motions at other sites based on an extrapolation of data obtained at the Nevada Test Site requires
a carefu! comparison of the dynamic constrained moduli of playa silt and the soil in question at the pressure levels of interest.
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LIST OF SYMBOLS

-i " initial void ratio
E - Young's modulus, psi
G - Shear modulus, psi
Ko - Coefficient of earth pressure at rest
Mc - Constrained Modulus, psi
Mcs - Constrained Secant Modulus, psi
Src- Degree of Saturation
Sri - Initial Degree of Saturation
S_ - Specific Gravity of Soil Solids
w% - Water content, %
wi - initial water content, %

4r - radial stroin,.in/ln
to -axial strain, in/in

radial stress, psi
-a axial stress, psi

-i " initial density, pcf

Ydi- initial dry density, pcf

1 - Poisson's Ratio
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PROPAGATION OF DYNAMIC STRESSES IN SOIL
by

Lynn Seamann*

This project, a study of stress wave propagation in soil, has been sponsored by the Defense Atomic Support Agency.
The goal of the work has been to predict the phenomena of wave propagation on the ba.is of data from laboratory com-

pression tests of soil samples. Foi a start on the problem, the work has been restricted to one-dimensional wave propagation

in non-cohesive soils. The results of the study show that for these conditions, wave propagation phenomena caused by blast

loading can be predicted from laboratory compression tests through the use of a simple analytical mordel.
A typical stress wave caused by an explosion is shown in Figure 1. The important parameters are the peak stress and

duration of the wave. The time, T, between the arrival of the peak stress and the time at which st-ess is 0.368 of the peak
value is the exponential time constant of the stress wave, The attenuation of peak stress and the change in the time constant,
T, are the features of the stress wave which will be predicted.

The soil model which has been analyzed for the predictions is the linear locking or linear hysteretic model. A
stress-strain curve for the model is shown in Figure 2. This model has been used by several other researchers (1,2) because
it does have some of the character of sand behavior.
Loading and unloading occur along different stress-strain
characteristics so that a cycle of loading causes some hysteretic
energy loss and permanent set. A blast Ioadf:ng provides such a
loading and unloadir, - cycle so that energy is lost as a blast
wave travels through the soil. The energy loss causes the peak
stress to attenuate with depth and causes the stress wave to
broaden out with depth. The parameter governing these effects
is (. where

I + #ý - - ' 1I + I uC

where
E and Co are the modulus and wave velocity on the r

loading curve, and in

E and C1 apply to the unloading curve. 0368 ou

In Figure 3 is a sem;Ilog plot of peak stress versus a non- T

aimensional depth for a pressure loading with a shock front and
an exponential decay. For nondimensionalization the peak
stress is divided by the peak surface pressure. The depth is non-
dimensionalized by dividing by the wave velocity and the
exponential time constant of the applied pressure. However, TIME
depth divided by wave velocity is arrival time so the abscissa
is also the arrival time. If attenuation were exponential, these Fig. I Typical Stress Wave Form
lines would be straig'it. They are initially straight but curve
away at greater depths. Value! of (X for soils are typically around 0. 15 to 0.30 and it can be sewn that the attenuation
rate is not strongly dependent on (L in that range.

The broadening out of the stress wave is shown as a function of OX in Figure 4. Since the attenuation rate is

higher for larger values of CX it is to be expected that the stress waves also lengthen out more rapidly for larger CX

The particular values of CZ which pertain to the sand used on the project were determined in static one-dimensional
compression tests on soil samples. The samples were tested at various densities and stress levels. Figure 5 shows a typical

stress-strain curve for the project sand. Clearly the sand is hysteretic but not linearly so. The value of QX was determined

from the slopes of the loading and unloading curves at the peak stress attained. The initial loading cycle on each sample
yielded values of CX above 0.3. Subsequent loadings gave aC values between 0.19 and 0.23. The CX values were

*Meckonics Deportment, Physics Division, Stanford Research Institute, Menlo Park, California.
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SOIL-STRUCTURE INTERACTION

7 independent of stress level for the peak stresses used but
decreased somewhat with increasing density. The data
indicate (X = 0.22 for the loosest samples and 0.20 for the

TEST NO. I, LOADING 6 densest.
6 With a known value of the attenuation parameter CC

the wave propagation characteristics of the soil can be pre-
dicted on the basis of the linear locking model. To sub-
stantiate the analysis a series of wave propagation tests were

5 -made. The wave propagation experiments were conducted
on sand confin•d in a long tube to produce an essentially

* one-dimensional condition. A section of the tube is shown
in Figure 6. It is made of alternate rings of aluminum and0

.4 -neoprene rubber and is about 1 foot in diameter. The
aluminum rings provide the necessary radial confinement
while the rubber spacers make the tube very soft in the
axial direction. Measurements of axial forces taken by the

tube during wave propugot ion tests show that the tube takes
less than 1% of the applied force. The column was built

to a height of 15 leet for the tests.
Both stress gouges one acceleromeTern have been

2 placed at various depths along the column but only the
stress gauge results will be discussed here. Two types of
gouges were constructed, one with a piezoeiectric crystal

0 n 12
0 0.1 0.2 0.3 0.4 0.5 0.25"

STRAIN - percent
Fig. 5 Stres-Strain Curve for the Project Sand

NEOPRENE RUBBER

SPACER

ALUMINUM RING 26

Fig. 6 Soil Tube Sect'"in
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WAVE PROPAGATION

as the sensing element and one with a diaphragm instrumented with wire strain gauges. Both types ore in the shape of flat
disks 1-1/2 or 2 inches in diameter. Both are quite stiff with respect to the soil so that their response to loading while
*embedded in soil is linear. The output of the piezoelectric gouges is about 10 v for 100 psi and that of the diaphragm
gouges is 8 niv for 100 psi.

Two means for loading this sand column with a pressure pulse have been used. The first used was a blast loading
prodvced in a Boynton Blast Load Generator. The generator is a dome which is clamped on top of the column. In the
second method a large weight is dropped on the column top to produce a stress wave very similar to th~at from a blast.
Comparable stress levels con be obtained in the two types of tests and 100 psi has oeen used as the nominal peak pressure
for all tests. Only the results of the drop weight tests will be described since they show larger stress attenuations and are
more conclusive in indicating the correct prediction procedure.

In the drop weight tests a 40 pound weight was dropped about 4 feet onto a steel plate resting on the sand surface
in the column. A typical set of stress records produced by such a drop are shown in Fig-re 7. The record at a depth of

-6 06 bars

GAUGE D)I 91 bars

GAUGE D12
(76 5 cm)

msec I msec

A--72 51 bars 2- 65 bars
"GAUGE D13 GAUGEC3

125 5 cm~) (1 25 5 CM)

I j j & I I I I

GAUGE C4

1,2P bats

Fig. 7 Typicol Streu-Tine Records
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15 cm shows a rise time of about 0.2 rnse' and an exponential
decay with a time constant of about 1 msec. The lowest
record was taken at a depth of 271.5 cm and shows that
considerable change has occurred in the stress wave. The F

rise is not quite as rapid now, the peak is only 30% as nigh
as it was near the surface and the stress decoy past the peak
is considerably more gradual. The intermediate records
serve to document the transition which occurs in the stress
Wave.

Before proceeding to the data obtoine, the stress
gauge calibration should be outlined. Due to the short F1
duration of the applied stress, a calibration coulA be made d
on the basis of the total impu.lse of the stress wave. Figure 8 M F 2 F M d

shows the geometry to be used. The F's are forces at the L I1] dt

top of the column and on a small segment of mass M which F
has been isolated as a free body. The force balance is

written for that segment first and then integrated with
respect to time to find the impilse applied to the surfaces
of the segment. The equation shows that if the integration
is carried from the arrival of the wave to a time when the
velocity of the segment has returned to zero, the impulses

above and below the segment are equal. If the velocity
at the maw above the segment is zero, these impulses
equal the applied impulse. Z tZ f 2

cAREJ AREA at t PEA E 2 -vl

1.0 t I

0.9 Fig. 8 Impulse Colib•atior, Analysis

0.8 TET 7-7 T~n oppked ;rr'ulse is known from the height of
dro a7B 87 a the weight. TN. impuise - the gouge i. the area

J)0.7- 08 I t.'et the stresm-tirre cor'v. 4Y equoti-9 this area to the

(/, 0 applied Impulse, the gn,, col'~oto fownrd opas
C 0.6 De;az.-,,ed, A cnw broia ,5 , for eoch drop.
I.-. 1Drop weight tests were made wi~i the colu-r, at

(.1) E i full height and with sand at t.,o d!fferent densities. In
0.5- tht ftnt seriet -f tests the scyind was at 50% relative der','.

Dotea•-r, poak stresses for these west, •1 si•otmr ir- Figures 9
j nd 10. Th ese fi ha.rc • s nondirmensional peak stress

0.40 versus -•, ;'e. f dfath fr teQ4.1 &: corpitson *ith the
onoe' Or.:4 Io"' f. Figure 9 the stiess applied at the

Z )!"rbs'e *.I aboidt I1 lp&#. In This figure tIer* is 04so
0 ;.W1 a•o •,t;r'|1 c vrve of +he predicted attenuation based an

Z~ 0t'- 'L-Vression datoa nd the linear locking Model.
Appartntiy the wote p qtio d•ta coirnide with ttseanalytical predittton. In Fig..t 10 the peak stress -as
110 psi toe t"e ,ests with solid tblock data points ws,.d 50 psi
for the ohern. E~i(Idnly the attenuatio'r rate is -ot a

iwt-.ctiar' of sirea levei.

02 rho swconi series oa drop tftts were mode w-W the
stod at 86% relative density. Since tee re 2t 25Z
made in ti-e series %,:il average voues a"e reported here.
Pt attwwation of peaý stress is show, in Figure 11 witth

0uke to•-o coo tets as the previo..s two !ig*es. Here
0 2 4 6 8 ! t0 pea ttress w., vsere ranging f•-. 60 to

0 2 4 6 8125 psi. Again the attenvotion rate is ir'dependo,%4 of
r farr /To ptaa stress. The dalt points tes' to lie bttwen *he

Fig. 9 Stress AttenuwI f(w Texts 87-Ci
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some description of the change in wave form which occurs as a function of depth. The points lie along a curve, but thii
is not the analytical curve. Foi an a value of 0.20, the time constants from the analysis are well below the data points.
This raTher sizable discrepancy is certainly caused by nonlinearity of the stress-strain curve for the sand. Work which has
been begun on a nonlinear hysteretic model similar to the linear model indicates that the nonlinearities of the stress-strain
curie have a lrge effect on th. broadening of the stress wave with depth. However, the attenuation rcle does not seem to
be significantly effected for most values of (1 .

The next steps in this study of o,-e-dimensional wave propagation are to find the effects of nonlinearity of the
stress-straiin characteristics, vf shocking up or unshock;r, and of geostutic stress on the change of wave frm with depth,.
The work will alse t'e cxrendea to include cohesive materials.

The conclusion which h~s been reached on the basis of this limited number of tests is thot wave propagation
characteristics in non-cohesive s.:il car be predicted on the basis of data frcm laboratory compressicmn tests. The present
predictions, which accurately define the attenuation of peak stress, were based art the use of the linear locking model
for the soil.
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LIST OF SYMBOLS

Tp, Tarr, tarr = arrival time fot peak stress
m" Cmox = peak stress of stress wave

Po = peak surface pressure
To = exponential time constant of the applied pressure wave at the sv face
T = exponential tirn constant of the stress wave
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FREE FIELD GROUND MOTION PRODUCED BY EXPLOSIONS
by

William R. Perret*

An explosion is an extremely rapid release of energy within a relatively small volume. The environment of an explosion
must react by absorbing and transmitting the released energy. The energy may be released by either chemical or nuclear
processes, but reaction of a solid environment such as soil or rock to either type of source will differ only in relation to the
energy densities developed.

Energy released by an explosion is marifest in several forms but the most pertinent is development of a large quantity
of very hot gas which exerts pressure on its surroundings. When the environment is soil or rock this pressure is very great-
megabars for nuclear sources, and hundreds of kilobars for chemical sources. Megabars imply tens of millions of psi; kilo-
bars tens of thousands of psi. Reaction of the environment to pressures of these magnitudes is such that material motions
and pressures may be described by hydrodynamic relations. Figure 1 defines schematically the domains characterized by
major types of response to the SURFACE ZERO
explosion-developed stress-field. SR
Through the hydrodynamic domain -7
pressure decreases generally as
the inverse square of radial range
by doing work on the environment
resulting in melting and vapor-
ization until it reaches a few
hundred kilobars. As the
pressure decreases below this EXPLOSIVE
level the environment retains its
solid :!ioracter and energy is
dissipated by crushing, shearing, HYDRODYNAMIC
cracking, and by viscous and DODAIC
frictional processes. In this non-
linear or intermediate zone
stresses decrease as an inverse
power of the radius between 2.5
and 4 to levels characteristic of
the elastic limit of the soil or
rock. Finally in the linear or
elastic domain stresses, always
below the elastic limit, are

attenuated at a rate nominally
equivalent to the inverse power
of radial range, but in practice LINEAR DOMAIN
frequently as an inverse power
of the radius between 1 . 1 and Fig. I Schematic Representation of Explosion
1 .8. The hydrodynamic and
part of the nonlinear domain
are obviously of no practical interest to structural problems because stress levels are well above those amenable to
structural design. However, much of the nonlinear region and ',art of the linear region are of concern to soil-structure
problems since it is pertinent to know in what manner, and at w.'at distances from an explosion, stress fields approach
realistic design magnitudes.

It is of interest then to know what means are adaptable to observing the development and attenuation of environmental
response to an explosion. The foregoing discussion suggests we should observe stress or stain as a function of time and of
distance from the source. However, exerience and problems of instrument design and particularly of instrument placement
have shown that more reliable and consistent results derive from measurement of particle motion in terms of acceleration
or particle velocity. Without going into detail concerning the reasons for greater reliability of particle motion
measurements, it is pointed out that perturbations produ,;ed by placement of gauges, react considerably more severely on

SSandia Corporation, Albuq'uerque, New Mexico.
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the response of stress and strain gouges than on the response of accelerometers or velocity gauges. The latter type of guage
requires only that the gauge package match in density the surrounding material, that it be bonded securely to its surround-
ings, and that its dimensions be small relative to the pressure or velocity wavelength.

Full scale experiments to define jround motion produced by large explosions have been undertaken in several earth
media over a range of explosion yields from a few pounds of TNT through several kilotons of TNT-equivalent nuclear energy.
Correlation of results from various yields is feasible by scaling, assuming similitude. This procedure is valid for similar
explosives within similar environments, at least over yield ranges of two or three orders of magnitude.

Let us look at the resuhs of free-field ground motion measurement programs in several types of rock and soil and
compare some of these when reduced by scaling to a common yield of one kiloton. These data are peak values derived from
records of acceleration or particle velocity as functions of time, or from the time integrals of these records.

Plots of peak acceleration, particle velocity and displacement versus radial range, shown in Figure 2, were derived
from a spherical charge of one million pounds of TNT centered 125 feet below the surface of Yucca Flats at the AEC Nevada
Test Site. The gauges were at shot depth. These plots imply that none of the gauges were sufficiently remote from the
charges to fall in the linear response domain. Data from other explosions in similar desert alluvium indicate that the linear
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Fig. 2 Peak Accelerations, Velocities, and Displacements for Chemical Explosions

region does indeed exist at a range beyond the most remote gauge.
Similar plots of acceleration and particle velocity data derived from the Gnome, nuclear explosion in salt near

Carlsbad are shown in Figure 3. These data do extend through most of the intermediate domain and into the beginning
of the linear response region.
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In Figure 4 these two sets of data have been reduced by scaling to curves for one kiloton and data from a smaller
TNT explosion has been correlated with the Scooter data to indicate the beginning of the linear response region. Here it
is apparent that attenuation rates are greater for acceleration than for particle velocity. It is also apprent that there is a
much greater difference between peak accelerations in the two media at the same range than between peak particle
velocities. The former difference is greater than two orders of magnitude; the latter generally less than a factor of ten.

This difference emphasizes the influence of environmental response on acceleration and the relationship between
the various motion parameters and stress or strain. Particle velocity is directly related to compressive stress through the
conservation of momentum requirement that stress be equal to the product of the density of the medium, the phase velocity
with which the stress is propagated, and particle velocity. Then peak stress and peak particle velocity should vary with
range in the same manner; and be directly related, at any particular radial range, to the energy released by the explosion.
Acceleration, on the other hand, is the time derivative of particle velocity. Its maximum value will then depend upon the
rate of rise of the particle velocity wave. This rate of rise is in turn dependent upon dispersiveness of the material traversed
and energy absorption from the higher frequency components of the dispersed wave. The consequence of this is that in the
mare dispersive and energy absorptive materials such as dry porous soil, the velocity wave spreads out rapidly and the slope
of the rising wave front becomes rapidly flatter.

From these curves it is also interesting to speculate on the stress levels represented by the intersection of the two
branches of particle
velocity curves. If we OI
use the conservation of 4 _

momentum relationship 10 10
as at least a good first
approximation and use
the phase velocity with 1
which peak particle-5. IO_0
velocities were trans- U a Ra e R
mitted it is found that
for dry desert alluvium
the stress at transition, 103 - -102

corresponding to a
particle velocity of 0.7
feet per second is about
35 psi; a reasonable
value for the elastic 0 i0i
limit of this soil at a I
depth of 125 ft.0

The similar ý, JW Wcalculation for salt, at _j 10 > 10

a particle velocity of W -R.4
44 feet per second, W ucR

JE
gives about 18,000 psi 4 0
which at first glance R1 P 0 0
seems high but agrees CIE10-
reasonably well with d.
the value of 1.2 kilo-
bars found by other
types of measurement 10! -O0

for the compressional
elastic limit for salt.
Collateral data from
the Gnome experimr'nt 10
has suggested that a -
second slope transition
should have occurred 100 lo0 lot 10 a
at about 1000 feet from 0 (moeters) I l
the explosion, 10 10 mtr) .........
corresponding to a 10 (feet) 103 4x1I0 I10 (feet) 103 4x 10
particle velocity of RADIAL RANGE
7 feet per second and
a stress of about Fig. 3 Peak Accelerations and Velocities for Nuclear Explosions
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3100 psi. The dynamic tensile elastic limit of salt under 1200 feet of overburden, the depth of the Gnome shot, is very
nearly 3100 psi.

It appears that particle velocity data are the most useful for defining ground shock or motion produced in various
rocks or soils by explosions. Figure 5 represents particle velocity data from nuclear explosions infoqur types of earth
ma.e~f Is, all scaled to one kiloton. Attenuation rates in the nonlinear region range between R 3'75 in desert alluvium to
R in granite and beyond the transition to quasi-linear response they range from R-1 in tuff to R " .8 in weak granite.
Transitions in desert alluvium and tuff occur at nearly the same radial range, but the implied elastic limits are about 780 psi
for the weak but competent tuff and 60 psi for the granular alluvium. Since the alluvium data was derived from gauges at
1200 feet, roughly ten times the depth of the Scooter gauges, increase from 35 to 60 psi in elastic limit is reasonable.

The two granite curves are from different areas, that represented by steeper sloping curves included several wide
shear zones filled with broken granite and very soft clayey gouge along the line of gauge stations. The average elastic
limit defined for granite by these curves is about 5800 psi.

The curves presented here are extended only to the approximate maximum radial range at which measurements
were made, but they have been extrapolated inward to the approximate limits of the hydrodynamic domain. These are
roughly 350 kilobars for jranite, 130 kilobars for salt, 15 kilobars for tuff, and 5 kilobars for dry desert alluvium.

The foregoing discussion has been concerned with ground motion produced by underground explosions sufficientlv
deep to develop only negligible air blast. There is no good reason to believe that that portion of the energy from contact
surfact bursts or very shallow explosions which is transmitted directly to the ground should induce response notably different
from that described above. The exception to this may be that because of the absence of confinement the decay portion of
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the wave and thus the impulse might be radically 10 4 -T-- - T ' I T
reduced. However, ground motion induced by air blast DESERT ALLUVIUM

which often represents a predominant portion of the LTUFF -
energy from shallow undcrground or surface bursts may SALT - -_-_-_--
be expected to differ appreciably from that directly 1 GRANAJITE T -4-

transmitted from an underground explosion. This - 10

difference comes about because the air blast remains 1
a shock wave with nearly zero rise time from the region • I- -Z
of very strong shock outward to peak pressures well 4
below those of concern to underground structure design. - •

Energy from an underground explosion ceases U 0 h -0 . . . .- 4

io propagate as a true shock wave in the vicinity of j
the transition from the hydrodynamic regime. There- > F
fore, in the region of stress pertinent to underground w -
structure design the term ground shock is a misnomer "0

since nearly all of the energy which was associated -. 
-- 1

with high fiecluencies has been dissipated. Conversely,
air blast, as it is incident at the ground inc!udes a L _

relatively large high frequency energy cor.ponent at
all pressure levels of interest. Consequently as the a
energy propagates downward into the earth from air O°_" - -
blast incident at the surface it will lose by absorption DATA SCALED TO

its high frequency component much more rapidly than O K

other components of its spectrum. .This has two con-
sequences; at any pressure level, except those near -.
the onset of hydrodynamic response, air blast induced 10 1 R iI I ( I
earth stress will be degraded much more rapidly than
will stresses of equal magnitudes produced by an Fig. 5 Summary of Peak Velocities for

underground explosion, and airblast induced earth One Kiloton Nuclear Explosions

stress derived from large yield explosion will not lose energy so rapidly as will those from smali yield explosions because
positive phase duration of the air blast which varies as the cube root of energy yield, eliminates low frequency components
from the spectrum of low yield sources, thus forcing proportionally more of the energy into the high frequency components.

An experiment was conducted about seven years ago to investigate the kind of ground motion and particularly the
vertical displacement induced by air blast from the 37 kiloton Priscilla explosion 700 feet above Frenchman Flat at the
Nevada 1 ,st Site. Two types of gauges, accelerometers and relative displacement gauges, were placed at five depths
between the ground surface and 200 feet in four locations as shown in Figure 6.

Airblast incident at the surface at each of these stations, shown in Figure 7, gave peak pressures of 270, 18/, 120
and 59 psi. Displacements induced by the pressure and derived from the relative displacement gauges decreased with depth
and with peak incident overpressure. Figure 8 presents the time-history of displacement induced by 270 psi overpressure
and a maximum impulse of 14.2 psi-seconds at the surface and at depths of 10, 30, 60 and 100 feet. Rebound after
initial downward displacement is followed by a residual downward displacement which decreases with depth to zero at
100 feet.

Residual displacements at the surface at all four measurement stations are compared in Figure 9 with the results
of preshot and postshot first order surveys. Agreement in these comparisons within 0.2 inch at ew-h station may be token
as an index of the reliability of the displacement gauge performance.

Maximum displacements observed at each gauge pc;.,'ion for each station are plotted as a function of depth in
Figure 10. Data from each station defines on exponential attenuation represented by the equation

6 6 -0.014D

where 6 and 6 0 are displacements in inches at depth D in feet and at the surface, respectively. All data points, with
the exception of those at the surface, deviate from the curves by only negligible amounts. The surface data fall
significantly above the curve in each case, implying a higher rate of attenuation close to the surface.

Figure I I is a plot of attenuation with depth of the peak particle velocities derived from Integrated
acceleration records. This emphasizes the two-phae0 %,enuation suggested by the surface displacements. Here
acceleration decreass exponentially as roughly e7 1P clown to the depths of the order of 40 feet or less and then
exponentially at rates of about one tenth the shallower ones. This transition suggests two of the points dwelt upon
earlier; the absorption of high frequency energy components and the transition to linear or elastic response, since the
transitions occur at particle velocities indicative of stresses in the range from 30 to 151) psi.
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Finally, contours of maximum displacement plotted on a vertical plane through the line of gouge stations,
Figure 12 , indicate a transient broad flat depressed bowl, the half-inch contour extends from the surface at about 1500
to 1600 feet range from ground zero to a depth of about 140 feet at 650 feet range. Nc transient data are available closer
to ground zero, but it may be surmised from the residual displacement survey shown in an earlier figure that there was a
downward distortion near the center of the bowl.
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Fig. 6 Placement of Instrumentation for Priscilla Shot
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INERTIAL EFFECTS AND SOIL STRENGTH CRITERIA
by

B. B. Schimmlng* and H. C. Saxe**

INTRODUCTION

The strength of soils under dynamic loading conditions has received a considerable amount of attention in this
country in the past quarter century. The primary testing apparatus in the post investigations has been the triaxial device.

As part of the United States Air Force blast protective construction reseqrch program, a dynamic direct shear
device has been developed in the Civil Engineering Department at the University of Notre Dame. A wide variety of soils
have been tested for sensitivity to load rate effects. The purpose of this presentation is to report some of the preliminary
results of the testing program.

EXPERIMENTAL FACILITY

The equipment involved in this study has been previously described by Saxe, Graves and Schimming (1) and
will be briefly reviewed here. The dynamic direct shear apparatus will subsequently be referred to as DACHSHUND I
(Dynamically Applied Controlled Horizontal SHear - University of Notre Dame I).

- The iethod oFload app!Giation conms'ts of a Fneumatic sys~tem whTch is-capable of applying a 1000 pound load to
the soil specimen in both the vertical and horizontal directions. For a dynamic test, air is passed into the accumulator
tanks from the air compressor through a pressure regulator. When the air pressure has reached a predetermined value in
the accumulator tanks, air is passed into the rear of the cylinders behind the pistons which are restrained by the trigger
assembly. Upon actuation of the solenoid operated triggers, which releases the pistons, the accumulated force on the
pistons is suddenly transmitted to the soil specimen. For all of the tests described in this paper, the normal or confining
load was applied statically, either pneumatically or with weights placed on the specimen. The horizontal shear load was
applied stati,:ally and dynamically.

In a static test, the horizontal piston is not restrained by the trigger. As pressure is gradually developed in the
horizontal cylinder, it is immediately transmitted to the specimen. The rate of force application is regulated manually at
the control panel.

The shear box can accommodate a 4 inch diameter, 3/4 inch thick specimen. The lower half of the box is the
moveablh portion and is made of aluminum to minimize Inertial effects. It is supported by an air bearing supplemented by
four small ball beaoings recessed into the brass support plate to resist eccentric normal loads.

The measurement of loads transmitted to the soil specimen is accomplished by the use of thin-walled cylindrical
transducers. Three load cells are employed: one in the vertical direction and two in the horizontal directKon. The lower
or "action" load cell moves with the horizontal piston. The upper or "reaction" cell is attached to the upper half of the
shear box and a rigid support connected to the base of the machine. The upper half of the shear box is supported on four
columns which are flexible in the direction of motion. Hence the reaction load cell also measures the horizontal force
on the specimen and in conjunctioi, with the action load cell allows the appraisal of horizontal inertial forces and friction
losses at the base of the moveable portion of the shear box.

Displacements in both the horizontal and vertical directions are measured with potentiometric tronsucers.
All transducer outputs are displayed on oscilloscopes and recorded with Polaroid cameras.

EXPERIMENTAL RESULTS

Figure I is a comparison of the static and dynamic strengths of a dry Ottawa sand (I 20-30 sieves) in both a
loose and dense state. The solid lines represent the static strength envelopes obtained fr~m a series of tests conducted on
DACHSHUND I waich compared favorc.'ly with results previously reported by Burmister (2) using a conventicnal direct
shear device. The time to failure or te.t duration was approximately 40 seconds.

The data points represent dynamic tests in which the time to failure was approximately 3 to 4 milliseconds. The
normal load was applied swtically with air pressure in the vertical cylinder while the shear load was applied dynamically.
The resulting comporson demonstrates the insensitivity of dry sand to load rate effects. Similar conclusions have been
previously reported by Whitman (3).

* Assistant Professor, Deportment of Civil Engineering, University of Notre Dame, Notre Dome, Indiana.
**Professor and Head, Department uf Civil Engineering, University of Notre Dame, Notre Dame, Indiana.
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A seccia-e series of tests were conducted on a Jordan Buff Clay sold commercially by the United Clay Mines,
Trenton, New Jersey. The chcracteristics of this clay are as follows:

Liquid Limit 54%
Plastic Limit 26%
Shrinkage Limit 22%
Plasticity Index 28%
Specific Gravity 2.74
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Fig. I Comparison of Dynamic and Static Strength Envelopes: Sand

The clay was purchased in powder fora', mixed with distilled water to a moisture conlent of approximately 31% and com-
pacted to a wet density of 114 lbs/cu. ft.

Figure 2 is a typical set of dynamic test results for the compacted clay, comparing the action and reaction load
cell response. The initial spike in the action trace was a.iributed to the inertia of the moving tray and the strength was
assumed equal to the value of the trace after this initial peak which is in agreement with the reaction trace.

The static and dynamic strength envelopes for the Jordan Buff Clay are shown in Figure 3. The dynamic envelope
is comprised of tests whose time to failure was in the 0-5 millisecond range while the static envelope involved test
dojrations of approximately 40 seconds. An examination of Figure 3 indicates that at any particular value of the normal
load, the dynamic shear strength is approximately twice the static value. These results certainly demenstrate the time
dependent strength characteristics of the unsaturated clay under consideration.

Consistent with objectives of the study, a number of other soils, including a sandy silt, a lake marl and a silty
clay were tested statically and dynamically as previously described.

The primary difference in the static and dynamic failure envelopes for those soils possessing cohesion was an
increase in the cohesion parameter under dynamic conditions with little or no change in the friction angle. This is
typified by the behavior of the lake marl as shown in Figure 4.

In an attempt to correlate this strength variation with soil type, the ratio of dynamic cohesion to static cohesion
was plotted venus the 50% grain size in Figure 5.
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.Althor,+h this ratio tends to increase with decreasing grain size, there is a wide variation for any one particular
cohesive soil, such as the silty clay, However, this variation appears to be consistent with the moisture content of the
soil. rhus, thP rtio of dynamic to static cohesion was plotted versus the liquidity index defined as the moisture content
minus the plastic limit Jivided by the plasticity index, in Figure 6.

Althoue_. mere is insufficient data to draw a general conclusion, there appears ýo be a correlation between the
strength ratio and the position of the soil in the plastic range.

A. W..c. 0-

U wr. C.: 1,70 (D

Lake Michigan Clay:

W. c.: Jordan Buff Clay: ,A

0.1 0 0.1 0. 0.3 0.4 0.5
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Fig. 6 The Dependence of Displacement Rate Effect on Liquidity Index

INERTIAL CONFINEMENT

The most comprehensive investigation of the behavior of soil under transient loads took place at the Massachusetts
lnst'i,te of Tehnology between 1951 and 1954 under sponsorship by the Corps of Engineers, United States Army. Earlier
worl had been done by Ccsogranace and Shannon (4) at slower rates of ;oading.

One iather interesting aspect of the MIT dynamic compression tests is shown in Figure 7. The presence of the
sharo initial peak or "spike" in the impact end load cell trace was described by Whitman (3) as a "lateral inertia effect"
which he described us follows: "Lateral strains must occur before failure can take place, and in very rapid tests inertia
delays the development of lateral strains. Thus, it is possible to develop, during very short periods of time, stresses far
in ý,xcess of the peak resistance." This lateral inertia effect is shown schematically in Figure 8.

Parkin (5) chose to interpret this peak in a different manner. His anuysis was prefacea by the following state-
ment. "Altough it rannot be denied, in p,;nciple, that effect due to lateral inerria may exist, the purpose of the present
study is to tesf an alternative theory by comparing numerical results derived from it with experiment. In essence we ask
if it is possible to exclude all appeals to the effects of lateral inertia and to choose a specific constitutive relationship for
the medium which, in conjunction with a sufficiently detailed one-dimensional representation of the experimental
arrangement, is able to account for the observed behavior." These contradictory viewpoints stimulated a considerable
amount ot discussion,
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Fulton and Hendron (7) supp-tec? ti, e latera:nri -. evvpoint as indicated by the following statements: " The
main Inconsistency is that tkere are lcfeo dletrmr ionis an~i, tiýus, lateral inertia effects in a sample under constant
lateral stress that ajre ignored by thK o-ie- 17-rnsioncl equc~in of motion." "It does not seemn logical to discard the lateral
inertia phenomena that are know'i to ex- - -enli.y f.::r strain rate mechanism whose significance is questionable."

Selig and Vey (8) kc, loined '-e discuvssor, IAxt concluded that "It is oovious that as far as stress propagation is
concerned, the peak stress value - o" tfle cor'seq-er-co and only the stress attained after the sudden drop occurs is
actually propagated through the soil'

In Whitman's ('9) discussion of Pirkin's rx~ppýi, he rather thorouahly defends the 'lateral inertia" concept and
reiterates that the inertial peak of the :mp~~ct stres: versus time curve wcs in all likeli~oodl the results of phenomena
associated with the boundary conditions pecul'iar to the test

In order to possibly contribute to this problemr, it becomes apparent thal it would bt desirable to conduct a
dynamic strength test under radically different boundary conditions. Also if the "lateral inertia" effect could be treated
as a variable, some insight would be gained. The presence of a dynamnic direct shear device at t+e University of Notre
Dame offered the opportunity to investigate these factors.

Figure 9 indicates the various components of norrm,3 force that may be operable on the failure p!(une during a
dynamic diliec, _4 -or test. If the soil fends to dilate (expand) during shear, the indicatedi inertial forces which are
analogous to later~.l inertia in the triaxial test may be present.

It appeared ;ijt the most reasonab~e way to explore this situation was to accentucte the effect is rrdica~ed in
Figure 10 Cc~e (b) repreý. nts the conventional pneumot~c application of normal load where W, is the weicoht of the
verticatl pi'~ton o',,emEy. 0ao case' (a), the vertical pneumatic system is tilted out of the way and !he normal load, WV2,
is applied with eac W. was chusen to be much larger than Wto accentuate any effects of inertial confinement.

A typ.'t il ýýet of reaction load cell traces for the two different methods of confinement are presented ,n FigUre I11
for a dense~ 20-30 Ottowin Sand The upper trace is for a n3rrnal load of 1-50 puurids provided by the lead weigk'ts while
lhe lowo tr-'ce is also fo' a rvalload of 150 pounds, hut applied pneumatically.

~ hear st~ength Ak~ich is taken after the initial peak 'when there is agireement between the action and reaction
loed cells is approximately 250 pounds for the top trace and 140 pounds for the lower trace. In addition. the period of
sustained shear resistance for the top t.-ace is shorter than for the lower tracir , This would tentatively point to the
temporary nature of the inertial confinement whichi ceases when expansion is completed.
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Fig-ire 12 gives the comparison of strength values
obtained for the two different methods of normal load appli-
cation over a ronge of normnl loads. The friction angle for
pneumatic application of normal load is approximately
43 degrees which is in agreement with accepted values for
the dense Ottawa sand. The friction angle for normal loads
aoplied with the lead weights is 61 degrees which is con- I
siderably large( than the static or conventional dynamic
value. U

0 - 0
DISCUSSION OF INERTIAL CONFINEMENT 100 lbs

With the present configuration of DACHSHUND I, '

transient forces and displacements con be measured in the
normal direction when the pneumatic system is used; how- V)

ever, when lead weights replace the pneumatic system, the
dynamic measuring system in the normal direction cannot be
utilized. Thus, certain assumptions regarding the displace-
ment behavior in the normal direction are required. Studies
at the Massachusetts Institute of Technology have unveiled TIME
some factors that are particularly pertinent to this disucssion.
Healy (10), using a torsional device, has shown that the
magnitude of dilation (expansion) in a dense sand is essen-
tially independent of normal load. Whitman (6) has reported
the results of static direct shear tests on dense sand which 0.005 sec.
controlleci the magnitude of dilation. These results indicate .
that if the specimen is not allowed to expand completely,
failure cannot be achieved.

These conclusions suggest the conceptual model
shown in F" -ire 13. In order that the middle grain in this W
model be free to move, which amounts to failure, the upper
and lower grains must provide space for the middle grain 0
movement by displacing vertically. If this "passage" is not
provided, failure cannot occur and in addition the amount of
expansion is not dependent on the noirmal force between
grains.

Based on the asso'mption that tbis model is valid in
the dynamic range for the two different methods of normal 1
load application previously discussed, some comparisons can . 0 , .

be made. In both cases the total expansion will be the same
and also the rise-times to failure are measured to be ap-
proximately the same. Thus the velocity and accelerations TIME-
in the normal direction could be anticipated to be com-
parable. Fig. II Reaction Traces for Different Methods

On this basis of equai uccelerations, any increase of Normal Force Application

in force in the normal direction would br. directly propor-

tlonal to the mass of the moving vertical assembly. For the lead weight configuration this mass is, of course, directly
proportional to the normal load. Thus for any particular values of static confinement, as shown in Figure 14, an increase
in normal load (Al,,) due to the inertial effects will occur which is proportional to the static value of the normal load.
Therefore, the "actual" envelope will also be a straight line passing through the origin but with a rvduced friction angle.
It could be expcted that the magnitude of this shift would place the "actual" envelope coincident with the lower
envelope in Figure 14, due to the insensitivity of sand to load rate effects independent of inertial effects.

125



SOIL-STRUCTURE INTERACTION

DENSE SAND
300

Pneumatic-Fixed against rotation

a Pneumnatic-Head free to rotate

£ Lead weights 2 pta.

250 1A

00

U,

100 ___ __

K

50 4 t /-A--

0 50 100 150 200

NORMAL FORCE (lbs)

Fig. 12 Strength Envelopes for Different Methods of Normal Force Application

CONC LUS IONS

Based on the results of this investigation, the following conclusions may be drawn:
1 . The variation in strength of cohesive soils as a function of rate of load application is best reflected by

the cohesion parameter.
2. Apparent " lateral inertial" effects have been observed under boundary condlitions quite different than

those imposed by the triaxial test thus substantiating their existence independent of the testing device.
3. For soils that dilate when sheared, the inertial forces normal to the failur- plane may alter tl~e apparent

dynamic strength of the soil.
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A NEW DEVICE FOR SOIL STRAIN MEASUREMENT
by

W. B. True,;dale* and M. E. Anderson**

DESCRIPTION OF SOIL STRAIN GAUGE

The determinction of strain requir,' the n.;asurement of the change in position of two points spaced a finite
distonce apad. The itIKI gauge (1,2) developed for measuring static and dynamic strains in soil is shown in Figure I.
The gauge consists of: 1) driver and sensor coils to be piaced in the soil, 2) driver and sensor coils on an adjustable
prczion -; n�.ort, an,, 31 the electronic auxiliaries. The electronics include an oscillator with a driver amplifier, a
signal amplifier, a ring demodulator, filter, and meter. Output terminals are provided for connuetion to a c:t,-Z,.'c il
oscilloscope for observing and photographically recording transient strains during dynamic tests.

Figure 2 shows the basic components for application as a soil strain sensor. The embedded coil diskG serve as the
strain sensing element and must be placed in the soil in a nearly parallel and axially concentric orientation. The
externally positioned coils serve as a null reference. As the soil is deformed induced differential coil movements are
determined by the resulting electronic signal.

Adj~btable
Mdirbretc

N II

Cul.

Electronic
Axiiaric s

Vt

Extrrn.-i C~il C.id

Fig. I Soil Strain Gauge.

Fig. 2 Pictorial Diagram of Soil Strain Gouge.

Associate Research Engineer, Soil Mechan' s Section, lIT Research Institute, Chic¢!o, Illinois.
' Manager, Instrumentation and Recordi-ig Se.,tiion, lIT Research Institute, Chicago, Illinois.
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PRINCIPLES OF OPERATION

The soil strain gauge employs the differentia! transformer principle; the driver and sensor coil in each set are
analogous to primary and secondary transformer winJings, respectively. The electronics are designed to neasure smc'l
changes in mutual inductance caused by a change in flux detected by a sensor coil. The circuitry is more easily described
with the aid of the block diagram shown in Figure 3. The instrument electronics consist of the following:

I . A low distortion 50 KC oscillatur and temperature compensated power output stage.
2. A high gain four stage amplifier.
3. A synchronous detector whose output is read on a 100-0-100 microamp meter and is also available at

output terr•inals prov;ded for connection to a cathode roy oscilloscope.
A high frequency signal (50 K cps) is applied to the "driver" cots. The magnetic field produced by this high

frequency current induces a voltage in the sensor coils, the magnitude of which is a function of the amount of magnetic
flux linkage and hence, a function of the caol spacing. The percentage voltage change which occurs across a sensor coil
for small changes in spacing is small. However, the two sensor coils are connected in a bridge circuit so that the output
signal is the difference of the individual coil output voltages. Since this signal is the change with respect to a null, or
zero voltage reference, the mensured percentage change in output voltage is greatly increased.

A." four coils in the driving and sensing circuit are grounded on one side. This allows a uniformly disialbuted
capacitance to be formed from the 9ron ro tr hf s;•i-e of Ole coil, facilitating the balancing of the bridge circuit.
The bridge comprises the two seccndary sensor coils and two matched 7.5K ohm resistors.

The output voltage from the bridge is amplified in a four stage signal ampiifier to increase sensitivity so that
very small changes in spacing may be detected. Broad-band low-noise silicon 1transistors are used throughout the amplifier
stages to provide stability.

PRIMARY- ,R-7.5 K

DRIVEARY.e•Io

50 KC / A I
OSCILLATOR AMPLIFIER

i 17 
1

SECONDARY
PICKUP COILS BRIDGE

CIRCUIT

S SYNC4RONOUS J

DETECTOR

I SCOPE I

L. . .. J

Fig. 3 Block diagram of soil strain gouge.
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The voltage signal of interest is the nnvelope of the high frequency carrier; the amplitude of which is pro-
portional to changes in the coil spacing. To separate the envelope from tke high frequency carrier the output from the
signal amplifier is applied to two terminals of a c-onventional ring demodulator. This type of demodulator is sometimes
caI~ed a synchronous detector and permits operation with a suppressed carrier. The other two terminals of the demodulator
are driven by the 50 KC reference voltage. The demodulator output is zero when the carrier input is zero or nulled, and
is either potitive or negative in polarity when the two sensor coil voltages ore not equal. The polarity depends on which
coil has the larger voltage, thereby indiciting whether the coils have moved ckvser together or farther apart.

OPERATIONAL PROCEDURE

Static Measurements
WF;Wnt~externally positioned coils are at tWe same spacing as the embedded coils the gauge output is nulled.

As deformation occurs in the soil moss the change in spacing
of the embedded coils is determined by adjusting the spacing
of the reference coils to continuaiiy renull the meter. liscre-
mental changes can be read directly off the micrometer head.

RX2namic Measurements
Go~uge output rmi~st be displayed on un

or some other suirable high impedance recording device. 20 milI
The gauge must be calibrated in place, because its sensi-
tivity varives with spacing of the coils and with the degree
of misalignment of the embedded coils. The procedure for
calibration is, however, accomplished quickly and simply
with the reference coils. Since the coil sets, external and
embedded, are identical the output of the refp'rence coils
for a given displacement from the nul'led position is of
equal magnitude to the output of the embedded coils for an
identical displacement from the nulled position. Figure 4
displays records of transient strains superposed on 5 mil
calibration records. divisions

The horizontal traces represent the calibration
record, and are obtained by displacing the reference coils
in incremental steps off the null position and photographiNg
the resulting incremental increases in voltage displayed on
the oscilloscope. The reference coils are then returned to
the null position and the polarity of the signal output to
the oscilloscope reversed. (This is necessary because the
Output of the embedded coils is of oppo-ite polarity to the Coil Spacing 0.35 inch
reference coils.) The instru.ment is then red) to record
a transient strain.

Fig, 4 Colibrtutd Scope Record
COIL DISPLACEMENT PARAMETERS

The coils laid in the soil as well as those attacked
to the precision adjustable coil mound must be as closek,
aligned as possible on the some axis in parallel orientation. Se'nso'r
This is necewary becaus, the flux density of the magnetic Drvroainl
field varies not only with the perpendicular distance from' Ovo Ir~e
plane of the coil but also with radial distance from the coil
center line. (ae.

Figure 5 depicts the coil displacemient parameters. 7
to reduce the sensitivity of the gouge to lateral .4isplaoment
of the coils with respect to each other, either dur$n,% place-
ment in, the soIl or during a test, t" sensor coil wind~n- k-
are wound to a smaller diameter than the driver co~t' windings.
This permi~ts a slight aounvft of relative lateral ýrflxelYent
while the sensor coil remoirs in a partion of the miagnetic Fig. 5 Coil Positiaon Paraceter
field of constant flux density.
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Rotational misalignment effects ore relatively less severe than lateral misalignment. Theoretically, pure
rotation of the sensor coil should have very little effect on gouge output since half of the coil moves closer to the driver
coil while half moves away. Thus, while half the coil moves into a pvrion of tke field of increased flux density, half
also is in a portion of reduced flux density. However, rotation of eithet the driver or sensor coil influences the gauge
output signal.

Figure 6 compares output signal versus axial, lateral, and rotational displacements at a separation. of 0.5 inches.
The output for the coils opening and closing was octained with the coils in each set aligned in an axially concentric and
parallel position, i.e., with reference to Figure 5 both X and 0 were zero. The output obtained for an incremnental
decrease in spacing of either coil set was iclentical, however, slight differences occurred for incremental increases in
spacings. The differences in output ore due to the fact that the coil sets are not, in foc':, identical. This ma;, be &e to
variations in the number of turns with which the coil's were woun~d or to inherent variations ;;ý the wire itself.

The lateral and rotational output ;- shown for dispiacements to both sides of the aligned position. It is seen that
the influence of lateral misalignmen t is symmetrical obout the nulled position. Rotaticool misalignment is not. This is
partially due to the difficulty of rotating the coils without changing the axial spacing, b;.: is primarily an effect of the
rotating coil lead wires which moved eithir closer tn, or farther away fromn tl-e other coil as the rotation took place.

Figures 7, 8 and 9 show the irfluence of mnisa~ignment of the coils on the gauge output. Tie test coils refer to
the coils which were misaligned and simulate the possible position of an embedded set of coils. Th-e reference cotls wfer
aligne'ý r -el ,..,- b as would L.~te rlasirvuitln in actual use. Bouth coils were initiafly nulled in an aligned
position at a spacing of 0.5 in. When the test coils were moved through a Icteral and, or rorctionol displacement, the
spacing of the reference coils was odiusttd to renvil the meter. The change in the spacing from 0.5 in. is the error which
would be introduced in determining the separation of the test coils, were they embedded in a soil specimen misaligned
as ir-4icoted on the Vjw it can -- seen that the output for axial displacement of the reference coils stillI serves cs an
adequate calibration tor the test coils.

The absolute magnitude of misalignment which can be tolerated varies with spacing, especially with rejs t to
lateral displacement. In general, it has been found that if the coils can be placed with not greater than 1010-1.
relative rotation and/or lateral offset or' 10 percent at the coil spacing they will perform quite satisfactorily . Experience
has shown that with proper care the gauges, con be consistently placed within +lese tolerances.

PLACEMENT IN SOIL

Satisfactory alignment of te-i embedded coil disklý xas been obtained by inserting a rod th~rovoh the center of botlh
coil disks durilng placement. The icillawing procedures recommended for placing the gauge ame of course arbitrary and may
be changed to suit a particular appication or the convenience of the vwe.

Y'h sil edIsprepared to the e~ve1 at w-hich it is desired to place the gougo. The first coil is laid on the san'd

surface and the alignment rod placed thrvou the center of the coil (Figure 10c) so that it is persnirculair to tWe soil
surfoce. The rod is of steippedt diameteir, the larger dooiatete bWing 0. 10 in, and tI,* smtaller of 0.04 in. Them smalleir -dio-
riwtr Few*% tiwoug a Woe in the* c,"ter of theo coil.* Thet step in th, diamfete of the rod serves to hold the coil flat on

the soil surfaire. Additional sand is then placed to raise the* level of the suirface to a height above tihe coil oppramirmtely
equal to the desird spacing. The second coil has a hole in the center large enouh to permit it to be slid dawn the shaft
of the ouliwnIiiit rod to rest on tOw and suirface. A slight a"wint of preuire is placed on this coil to 6oidt it flat On the
surface (Figure 10b) while it is covered with so u. It is recomme"nied in placirvg both, coils that lead -inns be cevered
immediately as movement of the lead wires dring placemewnt can cause rotational or lateral -iisolignment of t0V coil
disks. After the upper coil 6'in been covered witlh about I inchl Of KIl the rod is rvmoved. At that poir' coil spacing is
determrined by adiustinrg the position of Ole reference coil on the mticrorwtor mr-.t to nJl tthe insts-ewnt.

If vibration is to 'so applied to the test bed to obtain greater wad dentsities it is reco-o-endred that One lg-en
rod not be withWu'wn un~til after vibirctiuan is completed.

Againthe prebe ais ed to the level desired for placement of the goouge, "' first coil lnyode$ he soil

surface anid the rol placed throug the center of the soil. Additiona s"Il is thw placed andf coopat*4 around tv.rod

to obtain the cover -ecenaory to give Ohe desired ga~ge spacing. The wond coil is then slid dnow- the shaft and placed ur
the sail purfuce. Additicital "cI is cow~mcted to a height of 2 to 3 inches abo,.* the !.)p coil wnd thew alignmen? rod
removed.

A good deal of came is rewuired in placi~ng th-e go-i~es in coftpated viatevials. A Ouwvord Minfature To-per was
a 20 lb Wping and mdi~fied Iin. diameter taelping head is recommende. CObviously this device is not l...table for
pira~o-n of to"~ tOut be". In thewe applicationns it *lIi probably be better to pý-,-3re* the'it bed and excavate for
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gouge placement. Techniques would then be required to refill the excavation at the some density as the remainder of the
test bed. It has been found to be quite difficult to maintain good alignment when applying significant compactive effort
in the immediate vicinity of the gauge.

CONCLUSION

The soil strain gauge is adaptable to a wide variety of soil strain mectsurement applications and has riany desirable
features. These features include:

I . The gauge components are physically uncoupled 'o minimize plac:ement problems and gauge influence
on the surrounding soil.

2. Precise initial spacing of the two coils inserted in the soil is not required; this can be determined
accurately after placement.

3. When the coils are placed within specified alignment tolerances, precise initial and differential
measurements are obtained.

4. Wide frequency response accommodates measurement of transient strains with rise times in excess
of 100 microseconds as well as strains occurring under static loadings.

5. Calibration for dynamic tests is quick and simple.
6. The coils are expendable because of their low cost.

(a) First Coil (b) Second Coil
Fig. 10 Coil placement techniques
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SHOCK-ISOLATING BACKPACKING MATERIALS,
A REVIEW OF THE STATE OF THE ART

by
George C. Hoff*

SYNOPSIS

From a review of the types and effects of nuclear blast loading on buried structures, a basic design criteria for
backpacking materials has been established -nd is reviewed along with the techniques used in determining the energy-
absorbing characteristics of the backpacking materials. An example is developed to show how backpacking materials,
when placed around buried structures, will absorb a portion of the applied shock energy thereby reducing the forces which
reach the structure.

Various programs in the development of such materials as foamed plastics, honeycombs, insulating concretes,
granular materials, and other similar materials which could be adequately used as backpacking are reviewed with limited

data being presented.

INTRODUCTION

The field of structure-medium interaction has long commanded the attention of individuals concerned with the
design and construction of buried structures. With advances in the use of thermonuclear weapons, the difficulty in under-
standing st ucture-medium interactions and therefore the designing of buried structures has become further complicated by
the introduction of complex ground motions and very high applied loads. The design of buried structures to resist these
effects usually results in design loads which are so high that overconservative design would be extremely costly. On the
other hand, catastrophic failure of the structure due to under-design cannot be tolerated.

The applied forces for which a blast-resistant structure must be designed are transient in nature and their
probability of occurrence is small. The magnitude of these forces depends on a number of factors over which a designer
has no control. To eliminate some of the many unknowns imposed on the structural design of buried structure, the designer

may employ various structural systems in selected environments which will increase the probability of survival of the
structure and its contents. It is the purpose of this paper to review the state of the art of a technique that can be used for
controlling the magnitude of the forces being applied to buried structures by blast loading, i.e., the use of backpacking
materials for shock isolntion of buried structures.

BACKGROUND

Approximately 50 percent of the fission energy of a low-altitude detonation (less than 100,000 feet) is utilized
in the productior- of blast and shock (41). The effective energy of the burst will be dependent upon the actual height of
the explosion, a r elIl as upon its energy yield, but the general phenomena are similar in all cases. Nearly all the shock
energy appears as air blast which indirectly transmits energy to the ground. Some energy is also transmitted directly into
the ground. Regardless of the made of transmission, tremendous amounts of energy are introduced into the earth, and,

although some energy dissipation occurs through internal damping and the process of dcing work on the media, considerable
s . energy is still present at great distances from the explosion. The character and strength of the shock reaching a
buried structure may be influenced by the stress-strain characteristics of the media the shock travels through (26). In order
to prevent excessive amounts of this shock energy from reaching the structure, a suitable method for dissipating the eliergy
must be developed. This paper deals with the concept of using backpacking materials and reviews the types of materials
currently under investigation for this purpose.

Recent investigationi
Interest in the use of backpacking for shock-iso'ation of entire buried structures has generated many ideas as to

the feasibility and composition of various systems and materials that could be sotisfoctority sed as backpacking. As early
as 1953, Engineerin Research Associates, et ol (9), in a report to the USA Corp of Engineers on Underground Explosion

Test Programs suggested that: "The spice between the lining and the tunnel surface should be filled with o material of low
density that will absorb the energy of the flying rock. distribute the pressure from fallen rock, and provide a mismatch of
acoustic impedance so that reflection will take place at the tunnel surface rather than at the surface of the lining."

"Proiect Engineer, Engineering Mechanics Section, Corp of Engineers, U.S. Army Engineer Waterways Experiment Station,
Vicksburg, Mssissippi.
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In 1957, Vaile (42) reported on the beneficial use of a frangible backfill in isolating and protectinfg underground
structures in operation PLUMBBOB from violent ground motions in their vicinity. During operation PLUMBBC 3, vertical
concrete pipes covered with concrete slabs were lined one layer thick on the sides and bottom with empty glass quart gin
bottles. When compared to the control pipe for the experiment, which had soil backfilled directly against it, it was found
that the peak accelerations produced by shear forces exerted on the sides of the isolated pipes were reduced to 26 peicent
of those experienced by the control pipe. This reduction Yas attributed in part to the collapse and crushing of the gloss
which dissipated a portion of the shock energy.

In two related studies performed by Sevin, et al (30,31), at the Armour Research Foundation (now the Illinois
Institute of Technology Research Institute), various devices were employed on or about cylinders buried in silica sand in
order to alleviate shock-induced motions of the cylinders. These devices consisted of 1) wrapping th'. cylinders in flexible
and rigid polyurethane foams; 2) the use of air voids between the media and cylinder; 3) the use at pre-expanded poly-
styrene beads as a crushable backfill aggregate and, 4) the use of sand of varying densities as backfill aggregate separated
from the overall bed by a stove pipe. The conclusions reached were that polyester urethane foarns placed around a cylinder
and other materials functioning as a loosp backfill aggregate were effective in attenuating the response of the isolated
structures.

Da Deppo and Werner (5), in a study on the influence of mechanical shielding on the response of buried cylinders,
introduced a crushable layer directly over the buriea cylinder. The use of this crushable mcnterial greatly re&ced 'he
magnitudes of the loads reaching the cylinder.

Fowles and Curran (10), in presenting theoretical descriptions of the Fropagation of a pressure pu:.e in a potential
backpacking material, suggest that foamed or distended materials are effective in reducing the peak pressures 10-,,s.red to
a structure when an impulse is applied to the oppoJte surface of the foam.

In discussing the methods of mitigating the effects of shock for lined tunnels in rock, Newmark and Merritt (26)
state that the current design concept for protective linings in competent rock includes the provision for a highly deformable
material between the face of the rock and the lining "It would appear that the magnitude of . . . forces (generated by
small impacts) reaching the lining could be significantly reduced if a crushable material is introduced between the face of
the rack and the lining (26)."

Smith and Thompson (36), suggest that the shock energy reaching a buried structure in rock can be partially
dissipated by 1) a reflection of energy, and 2) by energy absorption. They suggest that these requirements be met by
interposing a material between the structure and the confining medium that has a low shock impedance with respect to
that of the confining medium. The impedance mismatch which occurs will cause some energy to be reflected. If the
low-shock impedance material is also very deformable under applied loads, it will absorb the energy present in 'he form
of ground motions, thereby meeting the two requirements.

Design Criteria
A review of the investigations cited above and other similar projects provides an insight as to what is necessary

in designing o backpacking system for shock-isolation purposes. In general, a suitable backpacking should be a frangible
or crushable material possessing a low breaking or crushing stress level and a high degree of compressibility. If possessing
these characteristics, the material should dissipate a portion of the shock energy, thereby reducing the magnitudes of the
forces reaching the structure and should accommodate the deformations of the cavity in which the structure has been
placed. Due to the large relative costs of construction versus design overpressures (3) the scope of interest of this paper
will be restricted to design overpressures less than 1000 psi; that is, the magnitude of stress transmitted to the structure
through the backpacking material %ill be less than 1000 psi. Assuming single burst loading where closure of the cavity
is imminent, deformations of the backfill to accommodate this closure should be apvroxirnatelý ,)k. In other cases, it
ma, be considerably less.

THEORY

Pressure-volume, Stress-strain Relationships
The majority of the materials investigated both in the post and at present generollv fall into two distinct categories:

I) materials having no distinct yield point and some degre. of compressibilit), and 2) materials posessing a distinct yield
pain' plus some degree of co,,pressibilit). ldeall, these materials can be represented by prtssure-volume curves for a
single-rigid locking solid (Figure 1) oni on elastic-rigid locking solid (Figure 2) respectively 110).

Consider first the case of a simple-rigid locking solid (Figure 1). The original volume is designated Vo. Under a
very small applied pressure, the secific volume diecreases to VI at no appreciable increase in the presure. At V1, the
material locks with no further decrease in volume occurring with additional increases in the pressure.

In the came of the elastic-rigid locking solid (Figv.'t 2), the pntsure-volurme curve is very similar to that of the
simple.-igid locking curve but with the addition of ao elastic fegion coitaining a definite yield point. As in the previous
case, the initial specific volume is represented by Vo. Under the application of pressure the maiterial behaves as on
isotropic elastic solid until Pe, the elastic yield pressure is reached. Beyond that proesure, the material behaves like a
simple-rigid locking solid.
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Under blast loading conditions, the loaded area is normally so great that the portion of the medium under con-
sideration and its inclusions can be assumed to be laterally confined with displacements occurring only in the direction of
loading. By applying this assumption of lateral restraint to the ideal pressure-volume curves, they can readily be converted
to stress-strain curves for simple-rigid and elastic-rigid locking soids subjected to one dimensional compression (Figure 3).
To indicate more clearly the behavior of real materials, the locking portion of the curves has been shown as an inclined line
representing the elastic behavior of the solids composing the materials under consideration. With the addition of this elastic
portion, the simple-rigid and elastic-rigid locking solids will hereafter be referred to as plasto-elastic and elasto-plastic
materials respectively. This conversion to a stress-strain relationship provides a convenient tool for evaluating the energy
dissipating capability of the materials.

Energy Absorption
T energy absorbed by a materiat depends on two factors: 1) the deformation of the material, and 2) the forces

in the material during the deformation (8). The product of the strain and the unit force results in the amount of energy
absorbed by the material:

E = Fx E = area under the stress-strain curve (Figure 4) (1)n

E is expressed as the energy per unit volume of material and can be shown for all cases to be,
En= d (2)

Before proceeding, a distinction should be made between the terms, "energy absorbed" and "energy dissipated".
Figure 5 represents a typical stress-strain curve for a material possessing elasto-plastic properties. The entire shaded area
represents the energy absorbed per unit volume by the material to a given strain C2 . When the applied forces are removed
from the material, some strain (C2 - E1 ) may be recovered due to the elastic properties of the material. The energy re-
gained during this recovery is known as rebound energy. The actual energy dissipated by the material then is equal to the
absorbed energy minus the rebound energy (8), or,

Absorbed Energy = Dissipated Energy + Rebound Energy (3)

Much work has been done in the past both by industry and government in the development of energy-dissipating
theories and mechanisms. It is not my purpose here to make a thorough survey of all the literature on the absorption of
energy but rather to discuss the use of backpacking materials for dissipating shock energy reaching buried structures. An
annotated bibliography
of literature pertaining
to the absorption of

impact energy has been , .

prepared by Ali and
Benson (2), which, R 'R , PRE R

although concerned r !!~t ''

with the problem of 'r , vA'tRrAi t P,

absorption of impa)ct t-Ia p Cý Vt

energy in the air drop 4 • ".t %ACzW.A, N '.

of supplies and equip- " * "
ment, reviews the

th•or) and design of "
energ) -absorbirng sys-
tems plus the energy-

absorbing materials

which may be avoil-
able. This bibliogrophy
tay be referred to for

a mare comm~rhensive ,t
review of the eergny-
absorption concept.

VV

Fig. I Presure-Volume Relation for a Simple-gigad Locking Solid
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From the unergy relationships described previously, it becomes obvious from the shape of the stress-strain curve
that elasto-plastic materials are more efficient energy absorbers than the plasto-elostic materials. Both materials are
under consideration for u;se a! backpacking, however, because the plasto-elastic materials may be more economical and
thus more attractive when I v oolumes are necessary.

Stress Transfer
When the closure of a cavity containing a backpacked liner is uniform, the deformation of the backpacking will

also be uniform, and hence, if the backpacking is homogeneous and isotropic, the circumferential stress transferred to the
structure will also be uniform. The magnitude of the load reaching the structure will depend on the load-deformation
,Jharacteristics of the backpacking plus the amount of deformation occurring. If, however, the deformation or stress in the
backpacking is non-uniform, the liner will tend to deform into an oval or elliptical shape as shown in Figure 6.

Newmark (25), in discussing the factors to be considered in designing blast and ground shock-resistant structures,
approached this problem by permitting the lining to deform by such an amount so as to develop in the backpacking appro-
priate resisting stresses against the deformation. The lining must, in this case, have requisite strength in compression and
in buckling, and must be able to deform sufficiently, without failure or fracture, in order to develop the required resistance.

In developing the stress-transfer theory, Newmark (25) allowed a and b (Figure 6) to represent the displacement
of the cavity walls. However, because of the deformations, y, of the liner itself, the net change in thickness of the
backpacking at the sides is b - y and a + y. By assuming a general situation of load-deformation for an elosto-plastic
material (Figure 7), it can be readily seen that the magnitude of the net differential pressure between points b and a,
assuming the lining does not deform, is much greater than the net differential pr#"s.wr. hei*.'eeen po:nts ý - y ana u + y are
expressed as q + pI and q - pl, respectively, it can then be said that the average of these pressures is the uniform com-
ponent of load, q, and that the difference from the average is P ' the inward or outward component of load. It is this
component of load, pl, which tends to produce the elliptical or oval deformation of the lining. As can be seen from the
ideal curve in Figure 7, the larger the net differential pressure i•, the greater p, is. When P1 is large, the deformations
of the lining are large. When lining deformations are large, the backpacking is compressed more, thus causing the
oressure differential to become smaller, which in turn reduces pi and thus the deformations of the lining and so on until
,in equilibrium is renched at a uniform pressure q. If the deformations of the cavity are such that point b lies on the yield
piateau of the looi-compression curve for the backpacking, the maximum stress transferred to the structure will be equal
to or less than the yield strength of the backpacking.

This same approach to stress transfer can be implemented using a load-deformation relationship for plosto-elastic
materiuls but with a little more difficulty as it is relatively impossible for a lining interacting with the progressively
increasing stress-strain relationship of a plasto-elastic material to develop a resistance characterized by a nearly uniform
compression on all sides.
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Fig. 3 Ideal Stress-Strain Relations Fig. 4 Ideal Stress-Strain Relations Showing
Energy Absorbed to a Given Strain, c

allowances for the solid elast'- particles of the bockpocking formn the basis for determining the thic*kness, tf of the back-
packing. When the covit> is in rock, the bulking phenomena* on6 the kinetic energy of spoil proji~tiles must also be
considered in the thickness determination (25).

MA TER IALS

The to~o ideal stiess-strain relationships shown in Figure 3 define the properties of a variety of materials. Figure 8
sh-ows the relationship between the ideal onJ typical stress-strain curves for both types of materials.

7'6e typical curve shown in Figure So represents the stress-strain relationship for mkrteroias tIhat do not posses ji

definite yield point (plasto-*lasuic) but are still very cor'pross~ble, eithier elastically or ;-elastically, or bot+-. Granular
,materials are a representative material for this type of ýrve. Some plastics and rubbers also possess these charocteristics.
However, thir plasto-ela~stic materials discussed in this paper will te primomily ri granular -wteriols.

Figure 8b represents the typical stress-strain curve for elosto-plastic materials ý:*m'pared to the ideal curve. In-
sulating concretes and plastic foams "r good reprersentativei oi this class of materials, although some granular and other
matericls also e~thibit this type of behavior.

*A reductiun in &ionwr~or (of the cavity) occurs, ofriseng fromn the fact that the rock is crushed awsd displaced around thv
uutside of the cavity. In the p-xoes of do~ing so, iP -bulks" and increcses in volume there4 decreasing the volume of
the cavity (25).
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Fig. 5 Ideal Strest,-Strain Relation Showing
Absorbed Energy, Dissipated Energy, ~
and Rebound Energy (Ellis, et al, 8) -- ________
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Cost
in the following discussion, no attempt will be made to compare any of the materials on the bosis of actual cost

in place, but for general information purposes, it may be mentioned that granular maiterials are, with few exreptions, the
least expensive materials. rhe insulating concretes, which cost more in place than the granular materials, are less
expensive than the most economical foamed plastics and honeyciunbs in place by a factor cf 10 or r ore.

Such factors as the actual material used, degree and atnount of isolation required, the environment in which the
structure is located, construction techniques, and other related factors, while all somewhat interdependent, contribute in
varying degrees to the total in-place-cost of the material, thus making any cost comparison except a general one almost
impossible. The cost of the backpacking system and, -ence, its feasibility, should rue evaluated for ecich prop-,sed structure
considering the known environ-7tent, assumed loading, r-nd desired response that will be unique to that -tructure.

Plasto-Elastic Materials
Granular Materials. Numerous studies have been made to define the energy-absorbing mec.hanisms of granular

maeil ubjecit;T7apoF-7d states of stress. The bulk of these studies, however, have been concerned with granulý'~
matediuls of conisiderable strength that were subjected to stresses v-ell in excess of our present level of interest. Excellent
summaries of the itate of the urt pertaining to the mechanisms and behavior of these granular materials have been compiled
by Deresiewicz (71 and Whitmain (43).

The general stress--st'vn~ri relationship in granular materials is very complicated and is to a large extent dependent
on the magnitude of the applied pres~sure. Hiendron, Pt al (12), in reporting on the energy -absorption capocity of grunular
cohesionless maýterials or, one-dimensional compression provides a description of a typikal stress-strain curve and con-
seqAjently the energy-absortbing mechanisms for granular materials which, altough concerned with "ic-teric;ls ~.;Lected to
much higher stress levels, adequately illustrates (Figuie 9) the phenomeno' necessary for backpacking using granuia-
materials.

The behavior in Region 1, the very low stress-range, reflects rearrangement of the particles. When vesiculatea
granular particles are subjec.ted to the same low stresses, fragmentation by shearing and crushing also occur during the
particle rearrangement, thus resulting in a concave upwt:0 curve for the some region (20). P-ce absorbed energy in both
cases is nonrecoveroble.

As the stress increases (Region 2), the
particles begin to lock togeth~er in a s~able moatr~x of
elastic particles. Some rearrangement is still taking
place, but the overall behavior is essentially non-
linear elastic in nature, therefore, alkcwing most of

tihe energy absorbed to be recoveracle.
In Region 3, the stress magnituiJe is such

thaot ýh* particles begin to crush and further rearraNge
tke-melves. Most of the eneug? diusipaited liore in
formi-iy n"w surface and consolidating the particle is

Region 4 behavior is similar to that of
Region 2 with so-v* additional 7rushinq taking place.

As caii be ~e I'm the vpper cufve in
Figure 9, thle averag stress itiqvired for comipation
depend3 on many thlings incluoing the initial void *-

ratio of the 'grinulaor mo~ss, the ang-Ulairit- of the
pairticles, thes dviration anda mittgnit,.Jo of the* loading,
an,( Ote Inherent strengtk of the@ "Inorol which. com-
poses tko graim. Becoviti cvr Interest is in ."wterials
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fitn l0OW psi, -ý* will be concerra mainlp w~ith
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materials can be actere,. by various mechanical c'nd thermal methods to produce grains of a composition suitable f,-r sh'ýck
iso!atioi, purposes. Stch roaterials as expanded clay (15), expanded shale, expanded slog, coke, coal cinders (20),
vermiculite (15,27,36), cnd perlite (15,27), have been investigated for their shock-dissipating characteristics by num:erous
investigators with some of the results of their static tests being shown in Figure loa.

Artificial grains can also be ,sed tor shock-isolaticn purposes. The waste products of "arious plastic-foam
manufacturing processes often can be adapted for use as granuilar material. The industrial waste as well as artificial grains
manufoa,'ured in the form of chips or aggregate, ofien provides adequate shock-dissipating charucteristics. Such artific;al
materials (Figure 10b) as phenolic micro-balloons (10, 15,, expanded polystyrene beads (15,30), plastic foam chips (15,20),
foamed metallic waste, and foamed rubber waste (15) have been evaiuated and founJ adequate. There are mary waste
materials whicn could prove adequate, but because wý:iste iA not deliberately manufactured, availubility and perhaps cost
would probably be iimiting features.

Foamed Mcterials. Many foarmed materiels do not pos:iss a definite uield point but begin to deform with the
application of very s-T pressures. The resulting stress-stran cicrve is progressively locking and can be assLumed to
represent a plasto-elastic material. Examples of this type of foatmed material are shown in Figure 11 (1).
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Elasto-Plastic Materials
Many irnvesti•otiom into the energy dissipating characteristics of various elasto-plastic materials have been con-

ducted over the years in connection with -he packaging indL stry and the Quartermaster Corps' requirements for air-drop
cushioning (1,2,28,38). From these investigations emerged a family of foamed plastics and honeycombs whose stress-strain
relationship approximate that of the ideal eiostic-rigid locking solid. These rnaterials can be fabricated so that the binder
wiJi furnish the crushing stress levei desired with the froctional volume or voids or pores in the material beirNg controlled
so as to obtain the necessary deformations. This is not the final answer, however. A good many of the foamed piostics
and honeycombs are very expensive and are relatively difficult to handle and place in sufficient quantities and in adverse
environments which may be dictated by the design and location of a buried structure. These problems, in general, fostered
the need for a relatively inexpensive construction material which would serve the same purpose. Research at the University
of Illinois (20), University of Texas (33,35,36), and the Waterways Experiment Station (15), hus shown that insulating
concretes, i.e., concretes having oven-dry density of less than 50 pfc, while not as efficient as foamed plastics and
honeyc-mbs in some respects, will provide the desired shock-isolation characteristics. The disucssion in the next few
paragraphs will be restricted to these three types of materials, i.e., foamed plastics, honeycombs, and insulating con-
cretes, as it is the author's belief that they are most representative of what can at the present time be usei most effectively

as an elasto-plastic mateial for shock-isolation.
Plastic Foams. Not all plastic foams possess an elasto-plastic stress-strain relationship. As shown previously,

the "flexible" plastic foams often produce a plasto-elastic stress-strain relationship as shown in Figure 11. "Rigid" plastic
foams generally produce the elasto-plastic relationship. Both types transfer stress anu dissipate energy, but, as !hown
before, the elasto-plastic material is more efficient in both respects.

A variety of ricid foamed plastics are available and suitable for shock-isolation purposes, but, more often than
not, they are extremely expensive. The rigid polyurethane foam is perhaps the most widely investigated (15,20,32,35,40),
and used (10,23,30), for this purpose. Figure 12 shows a number of stress-strain curves for a rigid polyurethane foam.
Despite its high cost, rigid polyurethane is still attractive as it is available in most areas, is fairly homogeneous and
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isotropic when formulated properly; it possesses the desired stress-strain relationship (Figure 12); it possesses the capability
of being fabricated in the field and, if closed cell, is somewhat nonsusceptible to ground-water infiltration which would
reduce its energy-dissipating potential.

Other types of foam which have been reported us suitable energy dissipators are polystyrene (15,22), and poly-
vinyl chloride (10, 15). These two moterials are also very expensive and are normally available only in relatively small
pieces as compared to the needs of isolating a structure. The cost of assembling and fitting the small pieces around a
structure would be very great.

Research into and development of the capability of costing large volumes of foamed plastics around tunnel liners
is currently being undertaken and, if successful, will undoubtedly influence their in-place-cost so as to make them more
attractive for shIock isolation purposes.

Honecombs. The use of prefabricated honeycombs has proved an effective meanb of energy dissipation and stress
transfer. Honeycombs have the advantage of being very isotropic if designed properly so that the maximum stress in the
packing can always be limited. They can also be largely impervious to ground-water infiltration. The main disadvantage
honeycombs have is the large cosh, that will be incurred in the placing of the material around the structure.

There are two basic types of honeycombs: paper and metallic honeycombs. Paper honeycombs are used primarily
at stress levels less than 100 psi (1,8,16,19,39) (Figure 13), while the metallic honeycombs are more effective at stresses
in excess of 100 psi (1, 11, 13, 21, 29, 38) (Figure 14). Because of the nature of the composition of the honeycombs, it
is doubtful if a good bond between the honeycomb and te structure will be obtained. Manufacturers (11), however,
claim that an excellent forming and bond can be obtained with metallic honeycombs.
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Insulating Concretes. Insulating concretes are best defined as concretes made with portland cement, water, air,
a'nd possil-Je aggregate additions to form a hardened material which will have on oven-dry density of 50 pcf or less.

As in the case of the foamed plastics, the hardened matrix provides the crushing stress level while the voids
necessary for deformation are provided by the air and in part by the aggregate. The strength of the hardened portland-
cement paste can be readily controlled but the deformations present some problems. If an aggregate is used, it must be
very weak and friable. Regardless of its strength, however, it still contributes somewhat to the overall strength of the
hardened mass. Experience has shown that the addition of too much aggregate in order to obtain more deformation,
adversely affects the workability of the concrete, thus making it very difficult to handle and place. The solution is that
most insulating concretes, such as vermicilite (4,15,33,35,36), and perlite (20,27) concrete, require as much as 20 to
30 percent entrained air in order to become suitable shock dissipators. Cellular concrete (14,15,20), which may or may
not contain a fine sand or filler, can often be found with air contents as high as 75% of the total concrete volume.

These air voids, while desirable from the point of view of deformation, tend to absorb moisture when it is
available from the surroundings. The voids, upon becoming filled with fluid, lose their effectiveness for shock dissipation
as they then transmit shock loads through the fluid. Tests (15,36), have shown that very large water pressures are necessar
to saturate these concretes over a short period of time but the long-time saturation effect of a con.derably smaller pressure
;s not known. It is the author's opinion that this absorption problem is not insurmountable and could be remedied, at least
in part, by the use of such methods as chemical "waterproofers," sandwich construction, grout curtains, and well-point
systems.

Typical stress-strain curves for three of the most popular insulating concretes are shown in Figure 15, along with
a curve for concrete made with a plastic aggregate (expanded polystyrene beads) (15). All of these concretes are
relatively inexpensive when compared to the cost of the foamed plastics and honeycombs and can be fabricated and placed
in most environments using conventional construction equipment.
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Other Materials
Sevidenced by the introduction of a plastic aggregate into a portland-cement matrix shown in Figure 16, it

becomes obvious that many different types uf materials systems possessing an elosto-plastic stress-strain relationship can be
developed simply by the inclusion of air or a collapsible aggregate into a suitable binder. Various types of ultra-lightweight
concretes, plastics with aggregate inclusions, and such foamed binders as epoxy (15), asphalt, gypsum, sulphur (6,21,37),
and various chemical compounds all possess possibilities as shock dissipators.

SUMMARY

The behavior of a buried structure subjected to blast loading must be evaluated on the basis of the loads reaching
the structure. Research has shown that the use of a properly designed backpacking material placed around the structure
dissipates a portion of the shock energy present in the free field, thereby reducing the magnitude of the forces reaching the
structure. The response of the backpacking then and Vhat of the structure are completely interdependent and the design of
one cannot be considered without the design of the other.

Un•fctunately, sufficient data have not been accumulated to dote to evaluate quantitatively the combined response.
Both laboratory and field programs have been initiatei to remedy this deficiency. Analyticol models are being developed
at the Illinois Institute of Technology in an attempt to describe the response of bockfilled structjres in soil. Other work
is also being conducted to measure the response of backpacked models subjected to blast loading.
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Each of the types and systems of materials reviewed undoubtedly has many unique problems associated with its
use as backpacking. However, the implementing of adequate research and development of the materials in question would
probably solve the majority of these problems. An excellent example of this is the study currently being conducted at t+-
Southwest Research Institute (u,24,37) on the feasibility of foaming bulk sulphur for use as a shock-isolation material around

buried structures. A relatively low-cost foamed sulphur possessing an elasto-plostic stress-strain curve, (Figure 16), plus
some other desirable features, has been developed and the feasibility cf its large scale application is being studied.

This type of laboratory research coordinated with such field programs as operation NOUGAT, Shot HARDHAT (23),
operation HARDTACK (34), and other related programs will, together with the developrment of suitable shock-isolation
backpacking materials, probably result in less vulnerable buried structures at reduced costs.
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LIST OF SYMBOLS

a, b = displacements of cavity walls
En -"energy absorption per unit vo:,,a of material
P1 = varying component of packing pressure on liner
Pe pressure at elastic yield-point of the material
Po original pressure
Pj pressure at the locking state of the material
q - uniform component of packing pressure on liner
r radius
tf = thickness of bocB'pcoldng
Ve volume of material at pressure Pe
Vo 0 = original volume
V1  = volume of material in the locking state
y = deformation of liner
a' 1t4E2 = strain

= stress
"= average stress
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EFFECTS OF GAUGE MEISITY AND PLACEMENr ON MEASý!REFiNT
OF ACCELERATION IN SOIL.

by
L. T. Selig* and k. W. Rusin"*

ABSTRAC T

A study has been made of the various factors which affect the behavior- of accelerometers in soil. Previous field
and laboratory experience has been re;- iewed. This is sjpplemented by an experimental investigation of embedded
accelerometers to determine the impoitonce of gauge density and placement procedures on gauge reponse.

The mast important factors influencing motinn measurement oopeor to be 1) gouge density in relation to t~e soil,
ond 2) placement conditions. Reproducibility of pe" acceleration measurements was within + 15 percent on the overage.
For a variation in accelerometer detnsity of 45 perceni, a 12 percent difference in peak acceli itice-s was otbserve'.' or4
pendulum tests in sand and a 37 percent difference for shock tube tests in clay. Ch~anging the stotic :o-voction pressure,.
for placement of gauges in cloy specimens from 12 psi to 42 psi resulted in a decrease of 22 percent in the peak accelera-
tions recorded.

IN TRODUCTION

While the physical concept of acceleration measurement in a soil mass is well known, a number of experimental
difficulties ame encountered in measuring it correctly. The factors influencing gauge performance are generally related to
1) gouge design, 2) gauge placement, and 3) instrumentation. The purpose of this paper is to discuss these various factort
and the extent of their importance.

To supplement information available in the literature, a number of laboratory experiments were planned using
small piezoelectric accelerometers embedded in specimens of sand and clay. The specirrins were subjected to impact and
air shock loadirV. The specific emphasis of these tests was to determine the influence of gouge density and placement
effects on the response of embedded soil accelerometers.

PREVIOUS EXPERIENCE

Until recently very few controlled experiments have been conducted to study the response of etmbedded gouges
for measuring soil motion, i.e., acceleration, velocity and displacement. Thu, information about the factors affecting
behavior of theme gauges is i',rgeiy qualitative. It is generally believed that matching the density of the gouge and the
grout to that of the In situ soil is important if the gauge is to reliably follow the soil motion. It is also considerod
important to make OW se~smic impedance (density times wave velocity) match that of the in situ soil unions the dimensions
of the grovted region are small compared to the wave longth of the pulse. However, placemeont conditions, including
stiffness of the distrubed region, must also be important, e.g., a soft region around the gauge may permit the inertia of
the gouge to cause a log in response.

It is possible to obtain much information an the effects of gouge placenment from available reports.Itherir
sitdios the significance of placement and other factors affecting qatxqe reaponse was not fully recognized and therefore
little attention was given them. Ind the major1ity of field test programs theft was little opportunity to study the factors
influencing placement. The time schedule did not usuall, per-nit a tOxm~~h gauge evaluation prior to the test and the
limitation on the number of channels of instrumentation qewo.lly pmecitid cauplicaft measuaimonts unoder different
placement conditions. In many instance& w6en it seemed lik~ely that placement significantly influoinced the gaOWe
response, sufficient detail describing the gnvges and the placement methods ,.at not available to permit morm than a
qualitative evaluation. During the lcat few yeors the placement prob~lem has beer recognized, partly as a result of many
unsatisfactory data, and a number of loboratoot, studies have been initictea to obtain "nw specific informiation.

Various methods of placement gouges h~ave been otte'pted. TheyL glnerally foil into tWo categorties: 1) recoin-
pocting soil around the gouge, and 2) grouting. The observed test results do not show either motthod to be clearly bettor
than the other, although the uncertainty of the results perit only an approxi-tate comparison. rhe choice, between
grouting and roc~ompacting Is usuoll) -ode for othe reasons. For examle, i~routing is about th only reasontable

I Senior Gesarh Engineer, Ill Research Institute, Chicago, Illino~is.
"~Field Engineer, Soil Testing Services, incorporated, Northbrook, Illinois.
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placement method when the gouges are located far beneath the soil surface in a bore hole. In addition, there is usually
less umncatainty iagarding the method of placement when groutirng is used since descriptions of tamping procedures are
often misleading and, in fact, there is sometimes doubt that the prescribed procedures are really followed by field crews.

Density discontinuities between the gouge, the disturbed soil or g•vut immediately surrounding the gcuge, and
4v ý ir situ swil have generally been considered an important factor influencing gouge performance. rherefore, test
procedures frequently prescribe that the it. situ density be duplicated if possible by the grout or the recompacted soil.
Attmpts have even 6een mode to matchWeiTynamic ,widulus of the grout to that nf the surro•.,ding soil. Although
grouting is usually corsidereri easier to perfuirm +qhnr so~i -o&'noction, some diffic. Ity results from air entrapment in the
grout thereby ccajsiný cavities, oad also frorn inco,,plete irying of the grolit.

Grout motion meawurere•ents in connection with nuclear field tests began as early as Operation Greenhouse and
have been involved in near'. every major test serie: sirnce then (1). A large percentage of the data 'as not oeen useable,
however, becaus," of data icatter, or instrumentation difficulties. Initially monr of the gauges used were accelerometers
because available velocity gauyes h-1 poor frer-uency response or were too complex and expensiv-e. V'elocity and dis-
placement information was cbtained frorn the acceleratio,, records by direct integration. Often correlation of the
integrated values with Jirectlj measured velocity and diplacement r'as been poor. Elaborcte base line corrections have
sometimes been introduceo into the integration to !pruove res&Jt, but, in general, it has been found that integration, at
least when done numerically from tie printed recor-is, is not satisfactory for oLtaining velocity and displacement. This
is, in part, because the typical occeleration pu[e ". ;omposed of a large-.amplitude short-duration pulse followed by
small amplitude oscillations whic:h are difficuit to resolve ic.>ratcly', but whit'h con have a large effect on peak velocitý
or displacement.

In recent years the interest in gron.d motion measurements for tield tests has shifted fro- acceleration to velocity.
Th reasons for this cha.-ge in emphm:s appear to be the following: 1) velocity is associated with energy level and is
useful in correlating with phenomena such as itructural damage, 21 velocity scales well, ond 3) velocity changes less
.ibruptiy than acceleration, hence measurements sho-uld be less affected by placement conditions and density mismatch.
.ame investigator believe that maximum corifidetice can be placed in peak displacement measurements. The reason given
is that displacements change less rapidly than accelerations and hence the peak values are less affected by the time
variation of particle motion proceeding the peak displacement. Far example, the ;auge may lag the soil motion initially,
but eventually catch up and perhaps even lead the soil motion. It is likely that in this case the peak displacement will
t-e much less in error than thc jeok occeler-7tion .Lhich occurs when the mot:on is first induced.

Motion gauges Ihave been constructed principally from variable reluctance (or linear differential tronsformers),
piezaelectric and electromagnetic transducers. The variable ruuctance type hns been the most frequently used in nuclear
fieln tests bec'use the piezoelectric tr-nsdvc;-sn, whiie having a -v r higher limnit on freqnnzy response, are More
significantly affected ýy the electromagnetic rdiiti•on from t4 blast and are lass suitable with long cables. A nurnwer
of self-•ecording gauges have also been used to elln'inote the need for instrumentation cables. 'Me results from tihese
gouges have nat appeared to be as satisfactory in generol as týw other types and tWe self-recording gouges are vsuoaly
larger a•nd moi complex. A description of mast of the gauges which have beon used for motion meamurement has been
prepared (1).

T.h accelerometer most frequently used in the past nuclear tests was the Wiancko variable-reluctance type. T6e
Wianc; o wcceleometers were mo-nted in cannister before being embedded in the soil and oriented to the direction in
which th* acceleration wos to be measred. In Operation Castli field tlt F.rogrom three of these accelerometers were
placed in a connister to measure the three perendicular components of occeirctio,; however, only two stotions gave
deolendable data. A higher frequenc), higher seesitlvit, accelImeter was ,•evelopea 6y NOL and Schkovitz for uvs in

,stew'-Jaonle. On Horiaock.-l a Ncithoarn vorizole reluctanc, occelleroeter wo Ased for igh G r omorienwts b. this

gauge was difficult to mount and hod weak turmina's that cov;d be bmik easly"•.
Since the gauges usiig the variable reluctance Fainciple arv capable of r-eaosureen only up to frequencies oi

a few hwundrd cycles per second, piezo*eectvk z;•ceieroý.ers were also used in Project Cov.:oy to extend the rong of
acceleration a mesrnts. Pit connistors caorying the goages wee placed wit" a grout matching th.e properies of the
in situ material.

An [lA solf-recording accelerometer was used in Operation Tumbtler. Dvring operation, a tea-0-choannel
rgnetic tape was driven post a seismic element wiW. a small permanent s'.ionet attached. COne chanriel recorded timing

Srws and the oth0r two the orthogonal compneh of occeleration. Although diffiruitles . wvo!veo. in ex.rmoo recording
required with the Wiancko were eliminated, the ERA acceleromehter did not appear to have the xccvrac or reliability of
the Wioncko. The ELA gouge also needed extensive calibration and adjustment prior to installation.

The fint atteoopt to measure t~e velocity of soil directly was appaently "ode on "artock-u-. A gouge was
developed by SRI far this p%1,ee. bawed an the principle of a ns wiiae msistan,:e to motion is Ic4,etly due to viscous
damping (setimes consiocrwd an overdampej accelerometer). Due to iht construction only vertical velocities could be
obtained. A ldifled voenon was designed after flardtack-II to measure horizontai velocities. The baWc element of this
gge w u n;iniatuw highly damped pendlum. After several trial a1ppications rexinobla performance was obtained
with the gauges.
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[If.irts have also been devoted to the development of gauges for meastring transient displacement dii'ectly .
Sandia, BRIL and SRI have been th~e principcl participants. Althou~gh little informationi on the effects of plucement is
reported, it is generaly b~elieved t large displocemnents are the easiest of the gircund motions to measure from a place-
ment point of view-.

Other 'aboratory investigatio'ns of embedded accelerometer oehovior have been carried out at Stanford Researck
Institute (2). The purpose of this study was to determine, if possible, the dircrepancy t~et~ee'n recorded acceleration arid
true soil acceleration and to find the optimum occelerumneter configuration fo, determining vail nx~tion. Miniature Enedvcc
piezoelectric .-.ccelerometers. were encased in a variety of metal and pI, ;igless -cap- to pro.,icde a range of thickness-d#,u-
meter ratios and densities. The thiciqmess-diameter ratios were either 0. 16 or 0.32 and the gao -je densityý varied from 1 .0
to 2.4 times that of the soil. The gauges were embei-Hei~i in dry san-d and iubjected to a press~re pulse v.ifh about one
millisecon.d r~se.

IOetails of placement were found to have the greatest affect on peak acceleration. Considerable variation in
peak acc-' e'ation was ob~served for supposedly identical teits with placernwo.i .-:petd however, there was mouch less
variation for repeated loading with the some placement. The peak velocities obtained by integratina these acceleratioi.
records were much mire reproducible than accelerations. Within the reproducibility of the results no trends -.ith respect
to gauge density or aspect ratio were observed.

LABORATORY EXPERIMENTS

A number of the factors Influencing the performance of embedded gaugjes hove been discussed. It is evident tinat,
o. the whle av~ul inforrntion ;, insufficient for an evaluation of the significance of these factors. A series of
laboratory experiments were conducted t.) obtain more information. Attention was concentrated on two aspects, the effect
of 1) variation of gauge density with rcspe<d to soil density, and 2) placemen-t conditions, including soil compaction and-
grouting. The two soil saimples ;ýr were a uniform dry Ottawa sand (90 percent betw~een 20 and 40 mesh.) and a compacted
plastic clay (liquid limit - 63, plasticity index 31, principal clay mineral Kloolinite).

Basically, two types of experimen~tal facilities were involved. Tne first, pendulIum imrpact apparatus, utilized
kydrostatiually confined cyiinders of sand having properties which could be accurayely controlled and reproduced. This
apparaitus was used to evaluate 1) guage reproducibility , 2) the effects of gauge density, and 3) cantrolled variation. in
soil properties. The second facility/, a rigid chamber filled with clay and loaded by an air shock~ tube, permitted Urn
evaluation of 1) gauge response under shock loading, 2) the effects of pla3cement co,ýditions, and 3,' gauge density .

Pendulum Apratus
The7 pndulum apparatus (Figure 1) is a simple

device for applying ýontrol led impocr loads to small
cy linaoers of sand confiie J by means of an internal vacuum.
The two pendviotm are steel cy linders -ot opproximot-I,>
equal size wid AeigHt. An accelerometeir is attached to
each pendulum to measure motion dw~inn 1 '-poct. The sand

Specimen is encased in a rubber membrane and alttached to
the eoaction pendulum by meons of the confiningy vocuunm.
The s.o.and pendium, is used to impact the specirten. Tke
specir-n densit?, confiriing press re, anid imp<ct velocity

mayý be vairied to give a range of test cor,&dtions.

The sund wpe-cimwn .as prepared of, he rieaction
pcndjum UIrV a M-id Split Ion itLdina0l1, ~ ~~ h
croSs seticiii it whiich thte~edi a-aeo~tr s tc

be located. PT5,e moik. wat first filled to tf'rns cross Weti X

by pouriroq the' vind firm c pwcskritbd #heiqht. The ii. ;e

was Set In nlc nthe loeiclea sm~t siýrfute om. h i. e-uu Aqppuratus
remalinder of ttsýe specfi-e' -,.s 1ome. A ~ii
SPec imen with the, -anpsto s tw f .# .T ~~ s A in ie~gt+ aird 3t-out 3 in. ini iaT1eyer.

One end of t~iw ette.doee ,' co.clorof-Iter .f -n C-iýL.Aie: -o, ve iv:ter crsisctaon of the specimen. Since the riubt~vr
"~e-0,4rne, -,n Olta Split at this cros ý. tntedcti i~~-. ro!ru th~e -;a~e *%ýted tromr tie pimna$-i
Do;iri.

Specimen densities, ran,ýe'j Im- m i to ;dý .4 1-t~opoimrI eeircd 33 percent rielotive dens't,
rtspectivel, ) at continti'.. ;.res"Prs ot , and 12.~ T, Te cKelero'neter Je'seWies were 114 and 177 pcf, aoutGv 14 anj

77 percent higher t$'on t~e worl.o
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Fig. 2 Location of Accelerometer in Pendulum Specimen

Shock Tube Aparatus
The shock t e apparatus (Figures 3, 5) provided

a rethod of studying air shock induced accelerations under
conditions more nearly simulating those in the field. A
completely cotifinrd specimen of clay was used and the
accelerometer compacted or grouted into a hole bored in
the 5oil. The clay was contained in a glass-sided box 24
.n. deep, 24 in. long, and 4 in. wide. To facilitate a
corr•arison of results the same snecmcrrn was used for all of
the tests and subjected to an identical loading for a vari-
ety of gauge density and placement conditions.

Sh•ck pressures of up to 6.5 psi were provided b-y
using the bursting diaphragm method. Rise time of lhe air
shock wns essentially zero, duration of the peak pressure
about i msec and total pulse duration abu•t 15 msec.

Compaction at the clay was carried out in the
vertictl plc,•-, i.e., parallel to the 4 in. direction, using
five layers ard a compactive effort of 5 ft-lb per blow.
The number of blows per layer was sufficient tc cover the Fig. 3 Apparatus for Shock Tube Experiments
area twice. The initial moisture content of the clay was
32 percent ano the average soil density 115 pcf. The iccelerometer densities were thus about equal to and 54 percent
higher thin the soil. This was maintained throughout the tests by covering all exposed soil surfaces with plastic wrap.
An unconfined compressive strength of 2-1/4 tons per sq ft wat measured with a pocket penetrometer.

With the gloss side removed, the hole for the gauge was made in the center of the specimen (parallel to the
4-in. direction) using o 2-;n. diameter thin--'a3l tube. The hole extended from the front surface to the back, i.e., the
entire 4 in. The matcrial removed was broken into finer pieces for ease in replacing around the gauge.

Three --ethods of placement were used:
I . Soil was compacted around g'.nyge with a compaction pressure of 42 psi.
2. Soil was comracted around gouge with a compaction pressure of 12 psi.
3. Gouge was grouted in place with a plaster-of-paris compound (CaSe4).
The bore hole was fliled approx!mately half way with the clay using the desired compaction effort or using grout.

The gauge wcas positioned, and soil carefully compacted around it with the sarme effort. Then the remainder of the hole
was filleJ and the front glass put into place. The bore hole with gauge and compacting device is shown in rigure 4. The
compaction device was a pocket penetrometei with an extension which has a diameter of 0.875 in. When compacting in
the narrow space around the gauge, the extension was removed and a corresrondingly lower scale deflection was used to
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adjust for area differences. With the minimum compactive
effort it was n'ecessary to break up the soil into fine
particles. This was accomplished by using a number 10
mesh sieve and grating the soil through it. As an irndepen-
dent chc~ck on the soil and loading corditi.ns ond for
standard izatiuw purposes, another accelerometer, also
shown in Figure 4 was placed in the lower left hand corner
of the box (see Figure 5). However, because problems
wikh moisture and pressure sensitivity did not performA
satisfactorily and was eliminated after the first series of
experimitnts.

Acceleri-eter
Th electizin of acceierometer for the experi-

mentat study was dictated primarily by size, but also by
mrethod of cable attachment and frequency response r-nge.
To provide for a 'ioriotion in density and configuration it
was decided to enclose o small piezoelectric accelerometer Fig. 4 Preparatio'n for Placement o-f Gauges in Cloy
within a myachined case -with a maximum dimension of I in.
Because of this size l imitution, which is impoised by the
pcndulumr specimen, a "subminiature" commercial model was selected*. Its natural frequency (105 kc) was umple for high
frequency response; the low frequency respcnse was provided by using a Kistler Charge Amplifier** in the circuit beiween
the accelerometer and the recording oscilloscope. The electrical cable was attached at the side of the gauge thus per-
rm~tting it to be placed ir, the soil In the plane of the motion to minimize cable restraint on accelerometer response. The
sh~ape of tie accelerometer permitted a case design with a 1> ,D ratio of one or less.

The accelerometer case constructed for the study is s,-own 'n Figure 6. Considerable experimenting with the
design was required to eliminate the effects of cable forces, case pressures and moisture from the acce~erotion signai.
Each care was made up of i base, tlhin cylindrical wall and cap held together with r1-ree screws. Thie accelerometer
transducer kyas mounted off center on the base to permit clomping of the cabie 'vithirn the casi, Two cases were cnnstructed,

7 Sections @ 3642 in. per Section

Diaphi ag Accelerometers

1z7"

24"0 A "

-A Soil Container

H - 4"1

Fig. 5 Schematic of Shack Tube Apparatus

*Columbia Research Laboratories 607-1.
"*Kistler Instru.ment Corporation, N. Tonawanda, New York, Model 566.
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Fig. 6 Accelermmeter Design

one all from aluminum and the other with wn aluminum base, but a steel waol and cap. The average densities of the
asswmbly were 114 pcf and 177 pcf respectively. When used in clays the case was coated with a liquid latex compound.
This eliminated the moisture problem if ihe gauge was not permitted to stay in the clay for more than about 12 hours.

RESULTS OF PENDULUM EXPERIMENTS

Typical pendulum and embedded accelerorrmeter records ar3 shown in Figures 7 and 8. Basically the embedded
gauge record has three characteristic features: a sharply peaked, short duration acceleration, followed by a longer
duration deceleration and a final damped oscillation. The latter represents the vibration of the specimen at the comple-
tion of impact. At the lower confining pressures the peak impact pendulum deceleration is substantially reduced because
of the lower specimen stiffness. This results in ieduced intensity of impact so that the positive ard negative portions of
the embedded accelerometer record are lower in magnitude and longer in duration than at the higher confining pressures.

Three tests (Series A) were performed with the aluminum accelerometer to investigate reproducibility and the
specimens were subjected to essentially identical impact sequences. The acceleration results for Series A are shown in
Figure 9. The peak positive acceleration is plotted cs a ratio of the maximum impact pendulum deceleration. This
acceletation ratio was used rather than soil acceleration alone in an attempt to compensate in part for minor variations
in density and impact sequence from specimen to specimen. Either the maximum impact pendulum decelerat;on or maxi-
mum reaction pendulum acceleration couid have been used since they are both about equal. For each of the four
specimens, the dnta are divided into groups representing the various confining pressures and impact velocities.

The range cf values for each group in Figure 9 may be taken as an approximate indication of reproducibility of
the test. The maximum deviation of values from the average for each group ranged from 4 to 58 percent. The largest
v•ortion occurred for the 12.5 psi, 0.76 fps group which represents the first few impacts. There was usually a substantial
increase. in peak soil accelerarion between the first and second impacts (the first impact is not shown for all tests). This
may be die to alignment of specimen, or placement, but is thought to be primarily due to the fact that the specimen
stiffress changed most between the first and second impacts. The maximum deviation was 20 percent without the first
group. The average deviation wos 15 percent including the first group and 10 percent without this group.

1he presentation of data in terms of acceleration ratio obviously does not correct for the effects of impact
velocity and confining pressure. As the impact velocity increased, the ratio increased, hence the soil acceleration
increawe2 with respect to the impact pendulum deceleration. This might be expected because the higher the impact
velocity the faster the soil must accelerate from at rrst up to the speed of the impacting pendulum, all other factors
equal. The higher ratios at the lower confining pressures for the same impact velocity might be unexpected since the
specimen was less stiff. However, both the soil acceleration and impact deceleration decreased at the lower confining
pressure, hut the latter decreased more thus increasing the ratio. These effects on the ratio are merely a consequence
of data presentation and have no effect on conclusions since the various groups are not being compared.

160



GROUND MOTION AND INSTRUMENTATION

A second series of tests (Series B) ,vas conducted to determine the effec, of density mismatch on accelerometer
response. Typical acceleration records are shown in Figure 10. The records are of the some general shape as for Series A.
There was no discemable difference in the shapes between the steel and aluminum accelerometer records.

The results of Series B are presented in Figure 11 in terms of both positive and negative peak acceleraticn ratios.
The negative ratios, i.e., ratio of first negative peak of soil gauge acceleration to peak impact pendulum deceleration
were small and difficult to measure accurately so they were not examined in detail. There is a more or less random
variation of these values with overlap from group to group. The positive ratios fall into groups with respect to confining
pressure and impact velocity as before.

Test reproducibility was again evaluated by computing the deviation of values within each group for each
accelerome er. For the aluminum accelerometer the deviation values ranged from 5 to 50 percent and averaged 17 percent.
For the steel accelerometer the values ranged from I to 45 percent and veraged 10 percent. The difference between these
two sets of results is probably not a function of accelerometer tyFe. As tor Series A, the greatest deviation was associated

23 g

-. Soil Accelerometer

Impact Pendulum

12 milliHeconds

4.9 g

Reaction Penduluwm

-5. 3 g

Impact Pendulum

-lZ 2 milliseconds

Fig. 7 Typical Pendulum Accelerometer Records (Confining
Pressure = 12.5 psi, Impact Velocity = 0.76 ft, sec,
Aluminum Accelerometer)
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with the first few impacts, i.e., there was always a significant difference between the first and second impacts for any
specimen. In all other cases successive impacts within any one group reproduced reasonably well.

As another measure of reproducibility, individual ratios representing essentially identical conditions (confining tl
pressure, impact velocity and impact number) were compared for two specimens with the same type accelerometer. This r
will improve reproducibility figures because there was always some change in the ratio for successive impacts on one
spe ;men even with all other conditions held constant. On this basis, the deviation for the aluminum accelerometer if
ranged from I to 28 percent, averaging 10 percent; the deviation for the steel accelerometer ranged from I to 34 percent rr
and averaged 6 percent. d

The variation in the average group ratio between the steel and aluminum accelerometer may be taken as on
indication of the effect of density mismatch. Figure 11 shows a consistently larger ratio for the steel accelerometer com-
pared to the aluminum accelerometer. The percent increase in average group values ranged from 5 to 25 percent and fr
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Fig. 8 Typical Pendulum Acceleration Records (Confining
Pressure 5 psi, Impct Velocity = 0.76 ft, ec,
Aluminum Accelterometer)
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averaged 12 percent. Thus, for an increase in
gauge density of 45 percent it appears that 18
there was about a 1i percent increase in gauge
response for the same irput.

Although it is possible that the change PSI
in accelerometers may have changed the speci- I tI--
men response or even the input conditions, the
difference may also be explained in terms of T.0
gauge density. Consider the embedded
accelerometer as a simple single-degree-of- 14 X 0, ). t. fps 0
freedom mass-spring system as illustrated in 0 I
Figure 12. The stiffness,nkand dampinec~occur I A It fps
within the soil specimen and are in part a result "6 0
of the gauge interaction with the soil. The 0 , 1. , fps
accelerometer mass is m, the motion of the
accelerometer case is z(t), and the equivalent
motion of the cross section is y(t). Let the
initial acceleration-time history at the cross - 0 0
section be represented by a half-sine-wave
pulse. The motion of the accelerometer will 0 j
follow that of the cross section with an accuracy r
which depends rn the natural frequency of A
the system (4 bm') and the damping,c.

The theoretical accelerometer response "
for this idealized system is shown in Figure 13, F A
for several values of frequency and damping(3). " AL
If the values of k and c are auumed to be the
iome for both the aluminum and steel occelero- T
meters then the natural frequency of the ,alum;nuw system would be greater than that for < •' X K
the steel system b an amount equal to 4

" steel

lvminu~m

where the y represents the accelerometer 2
densities. For this study the ratio of natural I
frequencies is 1.24, i.e., the natural frequency
of the alkninum occelerometer is about 25 per-
cent greater than that of the steel. Figure 13 0 1 , I I I

shows thaw for low damping coefficients the
lower natural frequency results in a greater peak ret No. iTat No
recorded acceleration than the higher naturai
frequency. The observed results in Figure II Fig. 9 Acceleration Results for Pendulum Series A
can thus be explained in term& of a low-damped
ms,-spring system. Of course, this explanation is no proof because at higher damping the reverse is true. However, free
vibrations of the specimen at the end of impact (Figure 10) suggest a low degree of dampinr.

An analysis of the rise time of the embedded gouge records was mode in on attempt to further verify the effect of
gouge density. No significant differences were noticed with this method. However, this does not pose a contradiction
because the accuracies of the rise time measurements were not sufficient to ettoblisih any correlation.

Integration of one of the embedded occelerometer records was performed for comparison with the velocity curves
obtained by integrating the n 4vlum accelerations (Figure 14). The final velocity of the reaction pendulum and that of
the soil are in agreement. At earlier times the gauge velocity was intermediate to that of the pendulums, i.e., the ends
of the specimen.
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23.6 g

Soil Accelerometer

Impact Pendulum

-- K ' 5 millisecond

Fig. 10 Accelerometer Response in Series B (Confining
Pressure - 12.5 psi, Impact Velocity = 0.76 fps,
A!umir um Accelerometer)

RESULTS OF SHOCK TUBE EXPERIME.WTS

Typical soil accelerometer records are shown in Figure 15. The distinguishing features are two or three major
oscillations of roughly 700 to 900 cycles per second with higher frequency harmonics superimposed. These major oscillo-
tions apparently represent the free vibration of the cloy specimen since a frequency of 800 cycles per second corresponds
to a wave velocity of 3200 fps for the 2-ft deep specimen. The soil acceleration is of course complicated by the presence I
of many reflections of the shock pulse from the rigid boundaries of the specimen.

Pie acceleration of the bcttom of the soil contuiner was measured for several shock pulses to ascertain whether
motion of the container had a significant ;nfluence in the soil accelerations. The maximum container accelerations were
about 10 percent of the maximum soil accelerations, fence it was concluded that the embedded gauge records could
provide a meaningful measure of gouge placement effects. r

Two features of the gauge records, the averagje rate of acceleration rise up to the first peak and the magnitude t
of several ý,iominent peaks, were used for analysis. The peaks selected were the first positive one, the first negative e
one and the greatest negative one (usually the second major negative peak). The accuracy of the analysis is limited in F
port by the superimposed high-frequency oscillations. These oscillations may increase or decrease the peak values of the t
major oscillations depending upon the phase relationuhip between the two. n

To illustrate the results, the relationship between the three soil acceleration peaks for the aluminum accelerometer F
embedded with the heavy so"l compactlon is shown in Figure 16. After one series of measurements, rhe gauge was removed g
und embedded in the some manner. This provided an indication of reproducibility of placement. Tle variation between p
the results for the two sets of data was no greater than the range of values for each series alone. With one or two excep- b
tiots this same degree of consistency was indicated by the other test series. The variation of the positive peaks for any il
one set of conditions, including reproducibility between two identical series, ranged from about + 5 to + 29 percent and e
averaged + 15 percent. The greatest variution occurred for the negative peaks reaching about * 50 percent. For each
test series there was a consistent increase in peak acceleration with increase in peak shock pressure, as would be expected.

Figure 17 indicates the influence of gauge density and placement conditions on positive peak acceleration. The b
results with the negative peaks were similar, Both positive and negative peaks were consistently greater for the condition C'
of light compaction compared to heavy compaction. This relationship held for both the aluminum and steel accelerometer
and for all applied slioce pressures. The increase ranged from 0 to 57 percent, averaging 22 percent; the zero difference 6.
occurred for the lowest air shock pressures. This increase may be explained on the basis of a damped, mas-spring system
as described in the pendulum studies (Figure 12). The stiffness,k,is less for the light compaction resulting in a lower
natural frequency and hence the possibility of an overshoot of the peak accelerations. c(

el
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The eýrtect of the grout appears to be
inconsistent. For the aluminum accelerometer, the
peak accelerations with the grout w'ere equal to or
less than the values for both maximum and minimum
soil compaction. For the teel accelerometer the 20 1Z S psi 5 psi
reverse was true. With the volume of grout used it
was expected that little, if any, difference between 0
the two accelerometer masses would be observed. 18 x . = 0.76 fps o 0

For a particular set of conditions the peak
positive accelerations were less for the aluminum a " v 1.16 fps
accelerometer than for the steel accelerometer, 16 o- v 0 1.ss fps o_

excluding the grout tests. The reverse was true for
the peak negative accelerations. The increase in
positive peaks averaged 28 percent. The increuse 14

followed the same trend indicated in the pendulum 0
tests although the amount was about triple. This
difference is most likely because of the higher ire-
quency of motion produced by the shock loaalng. 0 0
If the peaks are viewed as oscillations about some . 0
mean acceleration then there would be an upward 0 o
shift of this mean for the steel accelerometer, thus 0 0

justifying the decrease in negative peaks.
As a further aid in comparing accelerometer

performance, the average rate of rise of acceleration
up to the first positive peak was measured. Values 1 A
for 4 -psi peak shock pressure are shown in Figure 18.
The steel accelerometer consistently showed a faster 46
rate of rise than the aluminum, although the difference-
was small for the maximum compactive effort. On the XI 1
basis of the mass-spring analogy, the reverse would be U 4 --

expected, i.e., the aluminum accelerometer should X I
lead the steel in rate of rise. 6 I,

CONCLUSION

The most important factors influencing motion 0 I 1 I I I I I I
measurement appear to be I) gauge density in relation x N

to the soil, and 2) placement conditions. It iso 0 o 0
expected that acceleration measurements, expecially -Z 0

peak values, are much more sensitive to these factors
than veiocity or displacement measurements. Place-
ment involves either grouting or soil recompoction. .4 1 1 1

For many applications, for example in a deep hole, 1 2 3 4 I z 3 4

grouting may be the only suitable method. It may also Aluminum Steol Alulmium Steel

permit better reproducibility, although not necessarily
better accuracy. Because grouting gave apparently Fig. I I Acceleration Results for Pendulum Series 8
inconsistent results in this study, it warrants further
examination.

Reproducibility of peak acceleration measurements with the pendulum apparatus (accelerometer embedded in
cylindrical specimens of dry sand) was , ithin + 15 percent on the average. With close control on test conditions it could
be kept within + 10 percent. Reproducibility in the shock tube experiments (gauge embedded in -,-nfined specimens of
compacted cloy) also averaged + 15 percent for all placement conditions,

Two accelerometer densities were used, one about 7 percent greater than that of tho soil and the other about
65 percent greater. For the pendulum tests the heavier gauge recorded peak accelerations averaging 12 percent greater
than those for the lighter gouge. For the shock tube tests, the increase was about 37 percent. The difference between
these two sets of experiments may be due to the rate of loading. For placing the gouges in the cloy two different static
compaction pressures were used, 12 p!: and 42 psi. The latter required in a clay density about the same as that of the
rest of the specimen. The peak accelerations for the smaller effort averaged 22 percent greater than those for the higher
effort.
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Intuition supplemented by field experience and the limited lahoratory data available must still form the basis for
judging the reliability of such soil motion reasurements. U,,fortunately it iý not generally possible to obtain sditable
i:depandedrt checks. On the basis of accumulatoci experience it is qjite evidert that gauge placement procedures have
as great an influence on gauge response as any other fa.ýtor. Therefore, further studies of thii problem are desirecd.
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A REVIEW OF STRESS AND STRAIN MEASUREMENT IN SOIL
by

E. T. Selig*

ABSTRACT

A review is made of the reported experience of many investigators who have been concerned with st-ess and strain
measurement in soil. The objective has been to delineate the important factors governing gauge response and to discuss
the prvblems involved in making the measurements. The majority of the paper is devoted to stress measurement, since this
subject has received most of the attention in the post. It is concluded that accurcte measurements of stress and strain in
soi' are difficult to make because 1) the gauge does not respond like the soil it replaces and, 2) the soil is disturbed during
in-tailat;on of the gauge. However, such measurements must be made if a clear understanding of many soil-structure
interaction problems is to be obtained.

INTRODUCTION

,n most of the experiments which have been conducted dealing with soil-structure interaction, the observed
measurements have been restricted to the input loading and the structural response. The stress and strain developed in the
soil 'Save been omitted from direct consideration because of the problems involved in measuring them. However, it is the
lack of knowledge of the soil behavior around the structure which is the greatest deterent to further advances in under-
standing the interaction phenomena. Techniques for measuring stress and strain are thus urgently needed.

The purpose of this paper is to review some of the basic types of gouges which have been used for stress and strain
measurement in soil and to summarize the experiences obtained with them. It is hoped that this discussion will help to
stimulate further study of the problem as well as assist experimentalists in making such measurements. For only when a
much better knowledge of the soil behavi.r is achieved, will the many contradictory opinions of the phenomena be
resolved.

There are two inherent difficulties with the use of gauges in soil: 1) the gauge does not behave like the soil it
replaces, and 2) the installation of the gauge usually requires disturbance of the soil in th. immediate vicinity so that this
soil does not behave like the remainder of the soil mass. The first is especially true of stress gauges which to be perfect
would require matching of stress-strain properties with those of the soil. The installation problem is not as severe in
!aboratory studies because the entire soil specimen is usually remolded. In the discuss' )n that follows the important factors
which influence gauge performance will be described. The majority of the paper is devoted to stress measurement, since

this subject has received most of the attention in the past.

GENERAL CONSIDERATIONS OF STRESS MEASUREMENTS

For at least 50 years gauges have been used for measurivg the stress distribution in soils and pressures produced on
the surface of buried structures. The Goldbeck cell, one of the first to be widely used, was reported in the literature (1)
in 1916. The cell was of the null-indicator type in which back-pressure was applied to a piston to keep it from depres-
sing, and thereby balance soil pressure acting on if. An eluctrical switch was used to indicate piston movement.
However, this procedure did not insure proper pressure measurement in t6e free field because the pressure on the gauge
does not, in general, equal the correct soil stress.

The following, not necessarily arranged in order of importance, ore the principal factors which must be considered
in evaluating stress gauge performance:

1. application, i.e., free field or against structures,
2. overall size with respect to soil irregularities,
3. effectiveness of placement,
4. relative stiffness,
5. geometry,
6. nature of sensing element,
7. density, and
8. frequency response.

*Senior Research Engineer, IIT Research Institute, Chicago, Illinois.
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For both free field and structure applicctions the diameter of the sensing element must be considerably greater than
the non-homogeneities of the soil locally such as discrete particles or voids. A distinctior, must be made between the use
of the gouge for r easuring stress in the free field and for measuring pressures on the surface of buried structures because the
gauge requirements are different in each case. The measurement of pressures on the wall of a structure is easier than free
field measurements. The primary requirement in this case is that the gauge must deflect as the structure to which it is
attached. For instance if the gauge is embedded in the surface of a wall and the face of the gouge deflects either more or
less than the material around it, then the pressure reading will be lower or higher respect;vely than the soil pressure applied
to the wall. Of primary concern in this paper is the application of the gauge to free field measurements.

The stress gauge response is very sensitive to placement conditions. This is perhaps the biggest factor influencing
reproducibility and consistency of measurements. If the gouge is not in proper contact with the soil or if the soil is not
properly compacted around it then the readings can be significantly affected. For example a soft pocket of soil in contact
with the gauge sensing element carn make a rigid gauge appear to be less stiff than the soil, i.e., a gauge that would
normally read too high would read too low.

Because the stress-strain characteristics of the gauge are different from those of the soil ii: which it is embedded,
the soil immediately adjacent to the gauge will deform to a different extent than it would if the gauge were not present.
Whether the soil strains would increase or decrease depends upon whether the gauge has ) larger or smaller stiffness than
the soil. This effect will result in a redistribution of stresses around the gauge to produce a higher pressure on the gatge if
it is stiffer than the soil or a lower pressure if it is less stiff.

The magnitude of the redistribution of stress depends a great deal on the thickness-to-diameter ratio (T/D) of the
gauge as well as relative stiffness--the greater this ratio, the greater the redistribution of stress. Many gauges have as
their sensing element a flexible diaphragm supported at the perimeter by a rigid case. The interciction of the soil with
such a gauge is often a combination of the effects of a stiff and a soft gauge. Because the gage case is stiff the stress
arches onto the gauge causing a higher than free-field value at the edge. But because the diaphragm deflection increases
towaid the center, the stress arches across the face of the gauge thus relieving the stress in the center, possibly even below
the free-field v:lue. These effects are illustrated ir Figure 1. It is generally accepted that the T/D ratio should be as
small as possible to minimize the mismatch. However, if the stress conditions are such that the soil compresses laterally
and extends perpendicular to tho face of the gauge, then the large dimension in the lateral direction may cause error in
the gauge response.

The nature of the sensing element can influence the gauge accuracy in many ways. For example, it can determine
the mode of deflection and stiffness of the gauge. It can also be sensitive to lateral and shear stresses as well as the norn-ul
stress for which it is intended. And finally, it can influence other factors such as frequency response and density.

Density matching is only important for dynamic meusurements. If the density of the gauge is appreciably greater
than that of the soil then it will not follow the motion of the soil. The result is that the gauge inertia will produce stress
on the interface which can either add to or subtract from the mean value. This effect becomes increasingly significant as
the rate of loading increases and is most critical under shock loading. In addition, a shock wave will be altered in the
vicinity of the gauge as it encounters the sudden density or stiffness change. For wave lengths which are long compared
with the thickness of the gauge, this latter effect may not be significant. In general, density matching is not difficult
to accomplish because by providing voids or ballast, or by proper selection of components, the overall weight of the gauge
can be made the same as that of the soil which it displaces.

Frequency response of the gauge is another important factor in dynamic measurements. Either the transducer which
converts the gauge response to an output signal or the ability of the gauge body to sense the changes in stress fast enough
may be the factor limiting frequency response. These problems usually can be avoided by proper design. In contrast,
piezoelectric gauges, because of the nature uf the instrumentation, are usually more limited in low frequency response,
i.e., the ability to sense slowly varying stresses.

Most of these problems would not exist if the gauge behaved as tha soil. It is not possible to construct such c gauge
because the modulus of deformation of the soil is not a unique, constant value even for a single soil. It varies with stress
level, with the relationship between the lateral and normal stress at a point in the soil, with the density and moisture
content, and it is different wo- loading and unloading. For use under a sufficiently restricted range of conditions so that
the modulus of the soil does not vary significantly, it may be possible to design a gauge to match the soil or to calibrate
it for over- or under-registration. Except for this situation the only other alternative is to minimize the effects of mis-
match by proper gauge design.

FIELD STRESS GAUGES

A review of some of the gauges designed to measure static earth pressures has been compiled in reference 2. The
principal gauges which have been used for measuring pressure in earth masses, as distinguished from those designed for
use on the face of a buried structure, include the Goldbeck cell, the Water.ways Experiment Station (WES) cell, the
Swedish State Power Board cell, the Road Research Lob gauge and the Plantema cell. All of these gauges are of the some
general shape, a disk with a T U ratio ranging fronm one for the Swedish cell to about 0.14 for the Plantema cell. For the
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Gauge

(c) Stiff Gauge with Flexible Diaphragm

Fig. 1 Stress Distribution Around Embedded Gauges

other gouges the T/D ratio was about 0.3. No specific information is given to indicate the stiffness of the gouges, but it
appears that the stiffness ratios (gauge stiffness to soil stiffness) range from less than one for the Swedish cell to values
much greater than one for the WES cell.

Methods of calibration varied. For the Goldbeck cell and apparently also for the Swedish cell the pressure of
fluid in the gauge was used as a measure of the soil pressure. The other gauges were ca!ibrated under a uniform,
externally applied fluid pressure; the WES and Platema cells were also calibrated in soil to obtain an indication of
over-registration.

Benkelman and Lancaster (3) observed, using modified Goldbeck pneumatic cells, that there was considerable
variation in the readings obtained with different types of material and different methods of embedment. It was reported
that in plastic clays the physical dimensions of the cells did not produce a significant deviation in 'he pressure
indications.
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Many of the limitations of the soil pressure gauge have been determined by studies at the Waterways Experiment
Station (4). The report recommends that cells embedded in a sand mass should have a thickness-diameter ratio less than
1/5 and a diameter-deflection ratio greater than 2000.

Whiffin (5,6) reports the use of two types of gouges for measuring the stresses generated in soil by compaction
equipment. Both were developed at the Road Research Laboratory in England. One gauge utilized piezoelectric quartz
crystals as the sensing element. The housing was made of light alloy so that the overall density of the gauge .. as about the
same as that of the soil. The T/D ratio was 0.17. Special precautions were token to water-proof the gauge in order to
maintain high circuit impedance. With the available instrumentation the gauges were suitable for stress of about 10 sec
duration or less. The second gauge utilized an acoustic sensor consisting of a vibrating wire to measure the deflection of
a steel diaphragm. The T/D ratio of this gauge was 0.27. It is suitable only for static or slowly varying stresses because
of the nature of the transducer. On the basis of theoretical analysis and some field measurements, a constant over-
registration of 10 per cent was reported for the piezoelectric gauge. It is unlikely, however, that this could be true for
the gauge in general.

A soil pressure cell was developed by McMahon and Yoder (7) for use in the measurement of pressures in a
flexible pavement subgrade. The cell is 1-1/2 in. in diameter and 3.8 in. thick, i.e., T/D ratio of 0.25. One face
consists of a flexible steel diaphragm (0.015, 0.018 or 0.020 in. thick) to which SR-4 strain gauges are at'ached for sensing
the pressure acting on the cell. Because of the difficulty of securing the diaphragm to the body of the cell, the cell and
diaphragm were machined as an integral unit from round stock. The gauge was calibrated in air ind embedded in clay and
3and. The calibration data obtained in clay compared well with the calibration data in air. When sand was used, the
data were very erratic and the correlations were very poor. The accuracy of stress measurement in clay soils was reported
to be within + 5 per cent.

The Waterways Experiment Station has reported experience gained in the measuament of stresses in soil beneath
applied surface loads (8,9, 10). The first series (8) were conducted in a compacted bed of clayey silt (remolded Vicksburg
weathered loess with a plasticity indexof 12) using 12 in. dia. WES earth pressure cells. The soil was first rolled to a
depth of about 1 ft. above the level at which the gauges were to be located. A hole was then dug for each gauge and
the bottom of the hole sloped to orient the gauge it the desired angle. The sensitive face of the gauge was placed in
contact with the bottom of the hole and the soil replaced by hand-tamping with sufficient effort to provide a density
approximately equal to that of the compacted fill. Loads were applied to the soil surface through bearing plates and
stress readings taken with the embedded cells using calibrations obtained under uniform fluid pressure.

A check of the gauge performance was obtained by comparing the measured stresses with those computed from the
theory of elasticity and by checking stress equilibrium within the soil. With this method of comparison as a basis, which
provides only an approximate check, it was reported that the gouges read definitely within about + 25 per cent of the
expected reading and probably within + 10 per cent, with no apparent over- or under-registration as a whole. However,
the data given in the referenr - show scatter greater than 25 per cent in some cases. Although it is not possible to be
certain how much of this effect is due to placement, on' the assumption that the apparent error is randc-mly distributed
about the expected value, the variation due to placement is probably of the same order as the total variation, i.e.,
+ 25 per cent.

The WES studies, were extended to compacted sand fills (9) using improved WES earth pressure cells and newly
developed shear cells. Again, the soil was compacted to a height above the cell locations and then holes dug to position
the gauges. The sand was carefully replaced around the gauges to match the density of the rest of the fill. Gauge response
due to applied surface loads was measured and, based upon a comparison with expected stresses, information on the
reproducibility and consistency of gauge performance was obtained.

Reproducibility as used in reference 9 is internreted to mean the per cent (±) variation of the pressure readings
from the average for each individual gauge upon s.,.~cessive ;dentical loadings without removing and re-embedding the
gauge. Reproducibility would therefore reflect the change in soil-gauge interaction upon repeated loading. The results
given in Table I show a reproducibility of about + 5 per cent based upon 99 per cent of the data for the pressure and
shear cel Is.

As used in reference 9, consistency refers to the correlation of the readings between identical gouges with
equivalent installations, i.e., at positions where the stress conditions should be the same. Consistency results listed in
Table 2 are given in terms of the per cent (±) deviation of the gauge readings from the average values under identical
conditions. The consistency of readings for the pressure cells was + 11 .9 per cent compared to a reproducibility of
± 5.6 per cent. The difference between these two values should give an indication of the minimum variation due to
placement. Depending upon how the results are interpreted, on the average the variation due to placement ranged from
+ 6 to ± 12 per cent.

In this case, neither consistency nor reproducibility necessarily indicates the accuracy of the stress readings. In
the vicinity of the surface load the vertical stresses were higher than given by the elasticity theory and the horizontal
stresses were lower; however, this may be expected because of the difference in behavior beween the sand ord an elastic
material. If over-registration is assumed to be only a few per cent, then the accuracy of the stress readings should be
about the same as the consistency, i.e., + 12 per cent.
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Table 1

REPRODUCIBILITY OF SOIL GAUGES

Reproducibility as Percent of Average Number of
Type of Gauge Reading Readings

50% of Data 99% of Data

Pressure Cell 1.5 1 5.6 700

Shear Cell ] 1.1 +4.2 640

Deflection Gauge . 1.5 (high + 5.8 500
deflection)

4.0 (low + 15.2 300
deflection)

Strain Gauge 10.9 +_41.6 290

Table 2

CONSISTENCY OF SOIL GAUGES (9)

Consistency as Percent of Average Number of
Type of Gauge Reading Readings

50% of Data 99% of Data

Pressure Cell _ 3.1 + 11.9 40

Deflection Gouges 9.5 36.3 13

In the third series of WES tests (10), surface loads were produced by a moving vehicle on compacted clay. Three
types of cells were used in these tests: 1) WES earth pressure cell, 2) WES fluid pressure cell, and 3) a gauge constructed
from a Consolidated Electronics Corporation (CEC) pressure transducer. The geometry of these gauges is shown in Figure 2.

The cloy fill was first compacted with rollers and then gauge holes, about 7 in. in diameter, were dug to the
required depth. The soil was recompacted by hand around the gauges to the same strength as the surrounding fill. A
penetrometer was used to control the compactive effort.

In the initial tests there was considerable variation in the soil strength throighout the fill. The measured stress
values were very erratic, possibly for this reason, but there was ol~o uncertainty in the applied load on successive posses
because of the difficulty in contriollir* the alignment of the veh;cle as it passed oiong the test strip. In the firm clay fill,
sev'sral of the gauge reodings Aere very low for the first pass or two, but increased thereafter, suggosting that the soil
had not been compacted sufficiently around the gouge initially.

In the softer clay fills it appeared that olacement was better since the readings were more consistent, but rutting
beneath the vehicle caused considerobly more movement of the gauges than in the firm cloy. Some gauges showed little
change in stress under successive posses while others showed an increase of as much as 100 per cent.

Another test was conducted in clay sufficiently firm that no rutting occurred. Difficulty in aligning the vehicle
caused some variation in recorded pressures from pass to pass. In addition, stress recorded by similarly placed cells
differed considerably for one pass. The magnitude of these inconsistencies is not indicated, but the cause is most likely
associated with placement or variation in the uniformity of the fill.
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The poorest results were
obtained with the fluid pressure
cells. Generally these c•ls
recorded stresses too low and
were difficult to place properly
because of their shape. The +
fact that they read low values
of stiess suggests that they were
not seated properly, because
their stiffness and hiqh effective
T/'D ratio would tend to cause ---
too high readings. The experi-
ence with the CEC cell was
similar. Oneoftheshort- Icomingsof this gougeis its very 4 1.

small sensitive area which makes - 6 --

it especially sensitive to place-
ment and soil irregularities. In (a) WES Earth Pressure (b) WES Fluid Pressure (c) CEC Cell
addition, however, both of these Cell Celi
gauges had cables exiting from
the back of the gauge. This is
a very undesirobie condition Fig. 2 Stress Gauges for WES Tests (10)
because it makes proper place-
ment extremely difficult to accomplish.

Studies involving the measurement of stresses in noncohesive soil masses subjected to vibratory loads have been
conducted by Bernhard (11). The problem of measuring low amplitude vibralory stresses in soil appears to be less difficult
than other types of soil stress measurement. This is primarily because under continued vibration the soil approaches a state
of elastic equilibrium so that there is no further change in soil-gauge interaction and discontinuities and variation in
placement tend to be smoothed out.

The tests were performed in noncohesive gravelly sand. The gauge was cylindrically shaped with a T/D ratio of
about 1-1/2. The gauge was calibrated in terms of the deflection of a flexible diaphragm at one end of the cylinder.
Both uniform pressure and concentrated load calibrations were made and the average used for obtaining the soil stress.
The stress fluctuations in the soil were measured after the stable dynamic conditions were reached. In placing the gauge,
as little san, as possible was removed and it was replaced to the same density using a penetrometer as a means of checking.

The accuracy of the stress measurements was determined by correlation of the experimental and theoretical results
assuming that the soil behaved elastically during vibration. On the basis of this analysis it was reported that 68 per cent
of the readings were within + 5.2 per cent of theoretical and 95 per cent within + 10.2 per cent.

Attempts hove been made to measure the stresses in soil produced by nuclear blasts in conjunction with a number of
the nuclear weapons test programs. A description of the principal types of gauges used and on indication of some of the
problems encountered are given in reference 12.

The Carlson-Wiancko earth pressure cell is reported to be one of the most successful used in on, of the field tests.
It is a diaphragm type gauge in which the deflection of the diaphragm is measured by a variable reluctance transducer and
calibrated in terms of a uniformly applied pressure. The gouge is basically disk-shaped, but as originally used in the
Buster-Jangie and Tumbler-Snapper field test series, there was a large protrusion on the back of the gauqe to house the
transducer (Figure 3). The reliability of the gauge was demonstrated in these tests, but the recorded stresses appeared
higher than expected. It was thought that the transducer housing caused a stress concentration around the gouge, and so
the housing was made more compact prior to further use. The modified Carlson-Wioncko cell was used in the Upshot-
Knothole series and better results were reported.

For measurements in rock or hard soils t0e gauges were generally grouted into a prepared hole. Some attempts
have been made to use grouts which match the earth as Jlosely as possible (13). For other soil conditions the gouges
were generally mounted flush with the bottom or sidus of the prepared holes. Moistened and screened soil wes then
carefully tamped nround the gauge either mechanically or by hand. Very little information indicating the effect of
placement on the measured stresses is available in the test reports. However, it is generally occepted that the Ioca;
variations around the gauge can significantly affect the readings, especially for stress measurement.

Another gauge concept was investigated by United Electrodynamics (14). The gauge consisted of two sections each
with , disk attached to a hollow stem, one sliding wvithin the other (Figure 4). The stem houses the transducer and the pres-
sure sensitive element is located in the center of one of the disks. Stems are free to slide with respect to each other without
resistance to prevent the stress concentrat;on which would be caused by this housing if it were rigid. This configuration also
permits measurement of strain and acceleration with the insertion of a displacement transducer in the stem to meciure th,
relative movements of the ends and an accelerometer in the face of the disk not uv--d for the stress sensor.
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Placement of this gauge is not I
accomplished as easily as with other
stress gouges, especially in cohesive
soils, because of the difficulty in
compacting the soil around the stem _
between the two end disks. Satis--
factory performance of this gauge was
reported in confined spe,.Wmens of dry
snnd, although significant variations
in results which appeared to be due to
lack of adequate control of the sand
density were noticed. The scatter was 1.Approximate
especiully significant at high stress Scale
levels and under dynamic loading.

LABORATORY STRESS GAUGE
EVALUATIONS

Taylor (15) carried out a (a) Original (b) Modified
theoretical anclysis of the pressure
acting on emzedded gauges whichractesgon them d ga ugeerrot;s g y Fig. 3 Carlson-Wiancko Earth Pressure Cellsrelates the gouge error to its geometry

and stiffness and to the soil stiffness.
A more rigorous analysis was made by Monfore (16) who considered the cell to be embedded in an infinite elastic homo-
geneous solid. The calculated examples were extended by Peattie and Sparrow (17) to cover a wider range of parameters.
From this work a number of conclusions were drawn.

I. For a given set of conditions, gauge errors are directly proportional to the Ti D ratio and may be
expressed approximately in the form

Pc - p Pe T

p p aD

where pc = average pressure on gauge,
p - true soil stress,

Pe gauge error,
T gauge thickness,
D gouge diameter,
Cc cell action factor which depends in port on gauge-soil stiffness ratio, soil

properties and T1, D ratio.
2. The cell action factor, C0 , increases with increasing values of E Es, the gauge-to-soil stiffness ratio;

however, as Ecy Es increases, Ca approaches a limiting value. (Kor the cases studied C. was considered
approximately constant if EgIEs was greater than 10 providing that the ratio of gauge sensitive area to
total facial area was constant.)

3. For a given value of modular ratio, C0 increases as the ratio of the gouge sensitive area, As, to total
facial area, At, increases. This effect is caused by the nonuniform pressure distribution over the face
of the gauge, the pressure varying from a minimum in the center to a max;mum at the edge.

4. The cell action factor depends on the value of Poisson's ratio for the material in which the gouge
is embedded; however, this effect is small.

A fundamental experimental study of soil stress gauges was undertaken by Peattie and Sparrow (17) in which the
T, D ratio, AA'At and EgW Es were varied independently. The gauges constructed for the test were 3 in. in diameter. The
gauge stiffness was controlled by fitting composite plates of brass and rubber to the buck of the standard gauge in place of
the brass plates used to vary the thickness.

Effect of placement was evaluated first in the following manner. The soil container was filled to the level at
which the gauges were to be loccted and the surface mode flat. Six identical gauges were used, all stiffer than the scil.
Two gouges were placed directly on this surtace, two pressed into the soil an amount equal to one-half of the gouge
thickness, and two pressed into the soil an amount equal to their entire thickness. The remainder of the soil was added
and then the surface pressurized uniforinly. The response of the gauges pressed into the soil their entire thickness was
approximately 15 per cent greater than that of the other gouges. The exact condition of :,ie %oil was not indicated for
these tests, but it appears that an increase in soil density across the face of the gauge incrvaaed the stress concentration
in the vicinity of the gauge, thereby increasing gauge response.
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The error in gauge reading was found to be
a linear function of the T/D ratio and the effect
of change in T/D ratio was significant. For a 4
particular gooJge of constant stiffness and dia-
meter, an increase in T/,D ratio 0.2 to I.0 0 Electrica
caused an increase in gauge registration ranging i -essurc Conductor
from 28 to 62 per cent under the same loading Sensing Accelerometer
conditions in several soils. Over-registro. n as Kle r, ent
high as 180 per cent was reported in sand and L
100 per cent in clay.

Several factors influencing the cell action
factor were investigated. For dense sand Ca Displacement
varied with stress level (the direction of change Transducer
was not indicated) when the sensitive area of the
gouge was greater than 25 per cent of the total Fig. 4 UED Soil-Filled" Stress Gauge (1A•
facial area, otherwise Ca was approximately
constant for both loose and dense sand. For clay C. decreased with stress level--more than 50 per cent in some cases.
This decrease could have been caused by an increase in soil stiffness under pressure.

Since the stress was not uniformly distributed over the face of the gauge, being higher at the edge than at the
center, the over-registration was found to decrease as the sensitive area was decreased in proportion to the total gauge
area. For best results the report recommends that the sensitive area be less thun 25 per cent of the total area for rigid
diaphragm and less than 45 per cent for a deflecting diaphragm. Experiments showed a decrease in over-registration from
as high a value as 48 per cent to 9 per cent due to a reduction in sensitive area from 100 per :ent to 25 per cent of the
total area.

The effect of a variation in the stiffness ratio, E• Es, vas observed by changing the gauge stiffness for a
particular soil condition. It was found that when the ratio was unity the gauge indicated the true stress, but the rate of
change of the over-registration with stiffness was greater, i.e., a given change in stiffness ratio produced the greatest
change in over-registration for values of the ratio near unity. For one of the cohesive soils C. was observed to decrease
with time at a given stress level. This indicates a consolidation which would increase E. thus decreasing the ratio.
Since the gouge cannot be made to always match the soil stiffness the report recommends that the stiffness ratio be kept
at least greater than ten to minimize the effects of changes in this ratio.

Buck (18) has investigated gauges for measuring stress in sand which were I ir. in dia by 1.4 in. thick, with two
3/4 in. dia sensitive faces consisting of deflecting diaphragms to which were attached electrical resistance strain gauges.
The embedded response of these gouges was determined by embedding them in a 9 in. dia triaxiol specimen. The cell
over-registration, linearity, hysteresis, and zero-set were considered and the following observations were made:

I. The more angular the sand the higher the over-regishttion, less hysteresis and less zero-set. However, a
greater variation in reproducibility was indicated.

2. The finer the sand fraction the more linear the gouge response, the less the zero-set and the les the
variation in results.

3. The wider the range of gradation of sand the less the variation and the more linear the response.
4. Variation in the naturally random pocking of sand during placement of the specimen as well as gauge

placement were found to be the primary cause of data scatter.
5. Less zero-set was found to result from increasing relative density. In addition the over-registration

decreased and the variation in results increased.
Gauges were embedded using a fine-groined material around the gouge to give a mare uniform pressure on the

diaphragm. However, this technique did not give any better results.
6. It was evident from the tests that the principal stress ratio and the obliquity of strain both have a significant

effect on the cell over-registration. The gauge was placed in the triaxial specimen to measure the axial
stress, lateral or confining stress, and stress on the 450 plane. The gauge showed over-registration -or the
axial stres and under-registration for the other two stresses.

An investigation of gouges for the measurement of pressures in soils and on the face of burieJ structures has been
reported by Trollope and Lee (19). A deflecting diaphragm-type cell was constructed for measuring proures in soil.
This type of gauge was chosn for two main reasons: ease of construction and avoidance of edge effects inherent with the
piston-type cell. However, because of difficulty with strain gauge circuits and insufficient sensitivity no satisfactory
results were obtained with this gouge. Some information about embedded gouge performance was obtained nevertheless.

It wos concluded that to limit the effects of soil density variation on loading, unloading, and repeated loading
cycles within practical requirements, the diaphragm should be designed so that the deflection to pressure ratiu is less
than I x 10-5 in., psi. If this condition i% satisfied, maximum deflection-to-diameter ratio is 1:200W. It was also reported
that the measurements of pressures in cloy fills appear to present for less difficulty than similar measurements in sands and
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gravels.F

Some tests were mojde by the writer (20) to Test Z

deterrnin the response of a goaqe whose stiffness was
much less than !hat of the ,,oiI. The gouge consisted 5..

of a I in. diameter, 1 in. long cylinder of urethane ( 107 pcf, u" a 35 psi)
rubber rnolded around a small foil strain gauge, 3

parallel to the axis of the cylinder. The gauge was
evaluated using a conventional, soil triaxiai chamber
by embecding it in a 3 in. diameter cylinder of dry m 40
sand confined under a hydrostatic pressure. As an Test I

axial load was applied to the vand specimen the 03

average axial 4 ress arid strain were measured together 3 32 pc st 3

with the output of the gouge. .e _ 3
The average axial stress-strain curves for the > (Yo 109 pcf, '3 15 psi)

sand specimen under three different conditions of 5 24

density and confining pressure are shown in Figure 5a 111,
together with the stress-strain response of the soft

rulL-cr material under uniform pressure (when not em-
bedded). The specimen response is very non-linear <
and the slope of the stiess-strain curves is much 8
greater than the modulus of the gauge material except Stress-Strain Response of Gauge
near failure. 0 1

The gauge readings from thýre same tests are 0 8 16 Z4 3Z 40 48 Sb
shown in Figure 5b. The output of the gauge for a
given axial stress was considerably less embedded Average A)ial Strain, in.s n.
than for the same uniform stress applied directly to a) Specimen Response
the gauge, i.e., there was considerable under- 64 1 I
registration. The discrepancy decreased as the slope Test Z

of the specimen stress-strain curve approached the 56 -
modulus of gauge material. The point at which the
two agree may be seen in Figure 5b. Beyond this
point the gauge indicated a stress higher than the o. 48 -
average specimen stress, i.e., over-registration. Gouge

A correlation of the output of the gauge with Calibration
average specimen strain showed that this gauge s 40
responds roughly in proportion to specimen strain. Test 1
Hence, only when the specimen stress is proportional 0

1132to its strain will this gauge respond in proportion to (d Test 3

stress. But since the under-registration is also a
function of the value of the modulus and since this 24 Over-Registration-
modulus diii51s i,. .,..h conJitic., ot aeisity a ,, a .
fining pressure, then the gauge can still not be used, |
in general, because a different calibration curve ' 16b
would be required for each situation. Under Registration

A preliminary investigation of a small labora- ,
tory soil stress gauge was conducted (21) to determine 8

*• the influence of various factors on stress measurement
with embedded gauges. Two types of gauges were 0
used, one a diaphragm type using a strain gouge trans- 0 4 8 12 16 20 24 28
ducer and the other a piezoelectric gauge (Figure 6). Gauge Electrical Response, in./in.
Both were cylindrically shaped with a T/D ratio of b) Gauge Output
approximately one. The gauges were first calibrated
under uniform air pressure and then embedded in soft Fig. 5 Results of Tests on Soft Gauge (20)

rubber cylinders used to simulate the -ol!. The rubber
was essentially linearly elastic in its response and it was formed around the gauge in a liquid slate. Thus, both the effects
of non-linear soil-gauge interaction and the placement problems were circumvented in this study.

Under static loading the diaphragm gauge showed an over-registration of about 40 per cent; under dynamic loading
it was about 80 per cent. The difference between the static and dynamic results was attributed to vicsoelastic behavior of
the rubber. The presence of the stress concentration in the vicinity of the gauge was further illustrated by varying the
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length and diameter of the rubber specimen and the rigid loading plate. The over-registration of the gauge was found to
decrease as the modulus of elasticity of the rubber was increased.

The over-registration of the piezoelectric gauge under dynamic load was about 40 per cent. No information is
available on its response to static loads. The smaller over-registration for the piezoelectric gouge compared to the
diaphragm gauge may be because the sensitive area of the former is restricted to the center of the gauge face, while for
the diaphragm gouge the entire gauge face is sensitive to pressure.

SrYKli disk-shaped piezoelectric stress gauges (1/2 in. dia by 1/32 in. thick) have been developed at United
Research Services (22) to measure dynamic stresses in a confined column of sand. Preliminary studies of these gauges in
sand indicate that the over-registration is small so that uniform pressure calibrations may be used to compute stress. The
total range of data scatter including the effects of placement appears to be about - 20 per cent. The uncertainty arises
because, as a result of attenuation of stress along the length of the column, only the stress at the sand boundary is
accurately known. Gauge placement was accomplished by pressing lightly on the gauges to seat them on a leveled
cross section of sand at the desired depth before additional sand was added.

An extensive investigation of soil stress measurement was made at IlT in connection with a study of stress wave
orc igu!:ori (2'' The ,ugj considered all utilize,4 - piezoelectric ceraci.c transduc-- -is ihe sensing olemeui with a
numboi of vuriatiu.i, ih, tne thickness-to-diameter ratio and methods of encasing the gauge.

The advantages of the piezoelectric transducer are 1) its short response time (microseconds) making it especially
suitable for shock type loading, 2) the small size crystal possible, 3) the high electrical sensitivity and 4) high stiffness
(about the same as aluminum for the gauges used in this study). But aside from the inherent difficulties of stress
measurement with any type of gauge, the use of these transducers introduced other experimental problems. These were,
principally, extreme sensitivity to electromagnetic radiation, temperature, and moisture. The piezoelectric ceramics
are also sensitive to any impressed distortions which result from the way in which the stress from the soil is applied to the
gauge. They are, therefore, sensitive to mounting and method of placement and to the manner in which the sensing
element is isolated from the soil. For example, shearing stresses on the face of the transd'jcer as well as bending moments
will produce appreciable signals. The piezoelectric transducer acts as an electrical charge generating device. Because
of the resistance-capacitance characteristic of the electrical circuitry, extremely high circuit resistance is required in
order to measure stresses of greater than a few seconds duration and this required resistance Is difficult to obtain.

The gouges studied hod thickness-diameter (T/D) ratios varying from 1 .0 to 0.08 with a maximum gauge diameter
of 1.0 in. (23). One basic configuration of a cylinder of barium titanate mounted in a small metal cup similar to the
gauge shown in Figure 6b. This gauqe had been designed and constructed for ust in measuring air shock pressures. The
other gauges were constructed from disk-shaped piezoelectric elements (Figure 7). These gauges were constructed with
and without a metal edge ring to isolate the element from the effects of lateral pressure, and with and without a teflon
face covering to isolate the effects of friction on the face of the gauge. In some cases the unmounted ceramic crystals
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were coated with rmoist.re-proof materials such as epox, .
The cylindrically-staped N-gnuge did not perform

satisfactorily for measur;ng stress in tard. The eribedd.d gauge M. t•s RinL Late.x F:illr
sensitivity (or calibration factor) varied significantly with speci- -.

men confliing pressure, sand densiy,, stress level, and repeated
loading. The gauge was also quite ser.sitive to placement condi-
tions. As a result the gouge could not be calibrated so that its Piezoelectric
output could be used to reasonably predict the true stress in sand Disk

specimens. --

The factors contributing to the gauge's deficiencies were I
that 1) the stress sensing element was not sufficiently larger than
the grain size of the sand, 2) the thickre-s-diameter ratio was
too large, and 3) the location of the electrical leads creured
placement difficulties. It is believed that some of these
problems would be less significant in compacted clay specimens.

A disk gauge was designed to eliminate the undesirable
features of the N-gouge. The sensitive area was increased, the
thickness-diameter ratio was decreased and the leads were
attached to the side of the gauge to simplify placement.

The sensitivity of the disk gauge was much :ess influ- - -
enced by such factors as confining pressure, density, and Electrical Leads
placement, but these effects were still significant. The evalu- 1/16" or 1/3Z"
ation of over-registration could only be qualitative because of
the large variation in values for the embedded cai ibai;ui. It Fig. 7 Piezoelectric Disk Stress Gouge (23)
was c ,erved that for stress levels well below specimen failure
there was, of course, 30 per cent over-regishution '(A the embe2..- guuge prolected with an edge ring and a teflon
covering. Without the teflon the over-registration was about 100 per cent, and without either the teflon or the edge ring
the over-registration was about 2G0 per cent. The significant over-registration in the latter two cases was a characteristic
of the gauge construction since the piezoelectric ceramic was se.nsitive to friction across its face and pressure on the edges.
It is apparent, then, that the largest observed over-registration can be eliminated by suitable gauge design.

The gauge calibration curves were linear for stresses well below specimen failure, but the sensitivity increased as
the fnilre straia *,us uppiuuched. The guuge response was linear, in general, only when the soil stress strain relationship
was linear. Thus, a change in the soil stiffness had an appreciable effect on the gauge response whether caused by a
change in confining pressure, density or by the normal stress level. This was found to be true even though the gauge
stiffness itself was very high compared with that of the soil. As a consequence of this effect, the gauge calibration curves
showed appreciable hysteresis for stresses near specimen failure. Also as a result the gouge ?erformance was much better
in confined specimens than in triaxial specimens. It is evident that even though the gauge stiffness was much greater than
the soil stiffness (by a factor of 200 or more) a change in soil stiffness still affected the gauge response.

Gouge placement was another significant foc;ur which affected gauge response and accounted for a significant
variation in the response even though all other conditions were constant. Variations due to placement of up to
. 50 per c-ent were observed.

The static and dynamic sensitivities of the disk gauges were identical, but showed a ± 10 per cent variation when
used in specirn~rs having a wide range of confining pressures and densities.

It was clear trom this investigation that a more elaborate piezoelectric stress gauge design is required to isolate the
sensing element from the undesirable influences. The gauges used in the study were clearly affected by a complex set of
circumstances as a result of their particular design features. This makes generalization of the conclusions to other gauge
designs subject to some question. The study has indicated the problems involved in stress measurement with piezoelectric
sensors. As a result of this information a more elaborate stress gauýte has been designed which appears to give superior
performance to the more simple versions. Extensive evaluation of the new gauge is currently underway.

SOIL STRAIN MEASUREMENT

Much less information is available on the performance of soil strain gauges than soil stress gauges. In the majority
of studies in which strains in soil have been determined the gauge has consisted of some type of device to measure the
change in spacing between two points in the soil to which It is attached. Most concepts have involved two reference
points physically coupled with a displacement transducer. The physical connection required between the gauge points
causes interference with movement of the soil in the region between these gauge points and complicates the placement of
soil around the gauge.
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r'v'eans, in part, that the stiff ess of the gauge shooi he as srI ill as possirie aria the density of the 93,,qe ch,'-pone-ts

should be about the !-ume as that of the soiI. Placeme-)t is one oa the biqgest prrckhlms .ith strain gauges since ihe gaoige
will only respond to the strain of the soil im-.dioltely su'o,1uning it.

A gauge with a shoit base length (apparen!,, about 6 in.) was developed by Sandia Corporation (12) for use on the

Tumbler-Snapper field tests. It consisted of a telescoping tube with a disk attached to each end. A differential transformer
within the tube measilreo' tie relative dispiricer,-"nt -' thc 2.*!ý. T!.c , proved stisfacloy but the electromaqnetic
pulse from the blast caused too much interference to obtain suitable strain records. After modification the gauge was used

on Upshot-Knothole and Teapot with better results.
From Plumbbob, SRI used linear differential transformers to measure relative displacements between two anchors 2

or 3 ft. apart. These were set into the side of a large hole before backfilling (25). Problems were encounlered with

electrical shorts in the cables thus ro conclusions were reached regarding the performance of the gauge.
A tube-shaped strain gauge with no projecting end disks has been under development by SRI (26). The two end

pieces are connected by sylphon bellows of the same outside diameter. The purpose of the bellows is to permit movement
of the ends with little resistance while providing lateral support for the interior. Inside the bellows is a linear differential
transformer for measuring the relative displacement of the ends. The entire gauge is encased in a plastic sleeve to keep
the ends at the proper spacing during placement. The gauge is designed for installation in small diameter holes to measure
the strain in the direction of the axis of the hole. It is suspended at the pioper depth and cemented in place with a grout
intended to be as stiff as, or less stiff than, the surrounding ground.

For those tests in which the strain measurements have been made in rock aenerally wire resistance strain gauges
have been embedded in cast cement cylinders (27) or on the surface of rock cores taken from the parent material. The
cores are then grouted into drilled holes in the rock.

The general procedure used for placement of short-span strain gouges in prepared holes, other than by grouting,
involves recompacting the soil. Moistened and srreenpd soil sim;lar to that r.moved from the hole in carefully hand-
tamped around the gauge foa a depth of about one foot above the gauge (12). The remainder of the field is usually tamped
mechanically.

Measurements of soil trains and displacements have been made at WE5 in connection with -the previously described
studies of stresses in soil due to applied surface loads (9). Selsyn motor-type gauges wee constructed for measuring the
relative movement be .,.en points on the surface and ooints in the soil at various depths. The core of ,i I;near d;,frnt;al
transformer was attached to one end of a rod and a circular disk to the other. A second disk was centered on the trans-
former coil. The assembled gauge had a base length of 10 in. These gauges were used only in sand; the method of
placement was basically the same as used for stress gauges.

The reproducibility and consistency of the readings obtained with the strain and displacement gauges are given in
Tables 1 and 2. Neither the strain nor deflection gauges performed as well as the pressure and shear cells. It was
suggested in the discussion of the stress gauge results that the errors due to placement are probably on the order of the
difference between consistency and reproducibility. A comparison of Tables I and 2 shows that, for each case represented,
the consistency is about twice reproducibility, hence the errors due to placement may be about the same magnitude as the

reproducibility. Thus, for the strain and displacement gauges the placement effects wouid be about t 42 per cent and
t 15 per cent respectively. The considerable effect, especially pronounced for the strain gauges, may be the result of
the relatively small values of s. ain which occur in a compacted sand fill.

Field tests in which strains were measured in the soil produced by static surface loads and by vehicles moving over
the ground surface have been conducted at IITRI (28). The gauges developed for this sludy also used an iron-core differential
transformer, but in a miniaturized version. The transformer housing was 3 in. long and 3/'8 in. in diameter; the gauge
length was 6 in. Differential displacements of the two ends of the gauge as small as 0.0001 in. could be detected over a
range of 1/2 in. However, transverse and rotational movements of the core inside the coil could produce response
corresponding to longitudinal displacements of 0.0001 in., hence the gauges could not be relied upon for such small
movements.

The gauges were specially designed for embedding in natural soil deposits with as little disturbance as possible.
Two different configurations were used (Figure 8), one for vertical orientation and the other for horizontal orientation,
the difference being based upon the method of placement. Each end of the gouge for vertical displacements was coupled
to the soil by an auger which was screwed into a pi!ot hole drilled into the soil. The ends of the horizontal gouge were
coupled to the soil by stakes which were pressed into the bottom of a narrow vertical slot cut into the soil. In some tests,
after the gauges were placed, the holes were backfilled with soil compacted to the same penetration resistance. In other
tests the holes were left unfilled.

The response of two gauges as a function of static surface pressure is given in Figure 9. The horizontal gauge did
not begin responding to the load immediately, indicating some small slack in the coupling. It is very difficult to place
these gouges in soil, especially the horizontal ones, such that slack in the system is less than a few ten thousandths of an
inch. The nonrecovery of the displacement upon loading, shown in Figure 9, is believed entirely a function of the soil
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showed an overage urlatiu,, u' _' 23 per cent. These
v~i ori-naritly reflect tbo!*- th•- effe.t Df plocerment

and the nonhoniogeneities in the soil. However, it is
ex.pected that an appreciable part •;f 'his is due to

placement. Within this Jata variation no differences

were observed between the condition where the gauge Vertical Gauge

holes were backfilled and where they were not. 0- -6
The development of an electricall7, coupled

laboratory soil strain gauge oas undertaken at :o m

IITRI (29,30) in an attempt to overcome some of the
limitations of the previous gouge designs. A schematic
of the gauge is shown in Figure 10. The gauge, itself,

consists of four coils, two pairs in the soil and two on

an adjustable micrometer mount. A detailed des- Fig. 8 IITRI Field Strain Gauges (28)
scription of this gauge and the results of laboratory

evaluation of it are contained in another paper in this symposium (31). The gauge gives promise of being a valuable tool

for soil mechanics research. Further development is underway to adapt the gauge c4.ýr: for field application.

SUMMARY

Previous experience with stress and strain measurements in soil has been reviewed. It is generally believed that

soil stress is a very difficult measurerment to make accurately, especially in the field. The most important factor effecting

stress gauge response is the difference in stiffness between the gauge and the soil. The influence of this factor is signifi-

cantly effected by placement conditions and gauge geometry, and is not a constant because the soil stiffness ;s variable.

It is evident from the past experience with stress gauges that considerable technique is involved in obtaining
reliable soil stress measurements. On the basis of information available to date to appears that:
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2. the ratio o qai-gqe stiffness to so l stiffness

should De kept cs large as possible,
3. the gauge design must take intu

consideration methods of placement, and
4. under ideal conditions the gauge can be

expected to read the true stress within
+"10 per cent, but in the field +25 per
cent is a more realistic estimate. 1 ri'.'cr Tined Output

Conceptually, soil strain is easier to measure Coils Amplifier Device

because the gauge ideally should not have any stiffness Circuit and

and hence should deform as the soil. However, strain Dirct

gauges are generally more difficult to place because -C

of their configuration and their presence does often

constrain the soil locally. For many applications the
magnitude of strains to be detected border on the
precision of the gauge. For these reasons the overall
accuracy of strain measurement is probably no better
than stress measurement.

Although the measurements of stress and strain

in soil present very difficult problems, efforts to solve

these problems are to be encouraged. The attaining of

such information on soil response promises to greatly
assist in understanding the many complex soil- Embedded Gouge
structure interaction problems.

Fig. 10 IITRI Coil Strain Gauge (29)

ACKNOWLEDGEMENTS

The material for the review contained in this paper was primarily obtained in the course of research at the Illinois

Institute of Technology sporsored both by the National Science Foundation and by the Air Force Weapons Laboratory,

Kirtland Air Force Base, New Mexico. The support of this research by these agencies is gratefully acknowledged.

REFERENCES

1. Gvldbe*., w I. :nd E. B. ',mitii, "An Appuiitus for Determining Soil Pressures," Proceedings, American Society

for Testing Materials, Vol. 16, No. 2, pp. 310-319, 1916.

2. Hamilton, J. J., "Earth Pressure Cells-Design, Calibration and Performance," Tech. Paper No. 109, Division of

Building Research, National Research Council, Ottawa, Canada, November 1960.

3. Benkelman, A. C. and R. J. Lancaster, "Some Important Considerations in the Design and Use of Soil Pressure

Cells," Public Roads, Vol. 21, No. 12, p. 235, February 1941.
4. Corps of Engineers, U.S. Army, "Soil Pressure Cell Investigation, Interim Report," Waterways Experiment Station,

Vicksburg, Mississippi, 1944.

5. Whiffin, A. C., "The Pressures Generated in Soil by Compaction Equipment," Sy'riosium on Dynamic Testing of

Soils, ASTM Special Technical Publication No. 156, pp. 186-210, 1954.
6. Whiffin, A. C. and S. A. H. Morris, "Piezoelectric Gouge .or Measuring Dynamic Stresses Under Roads," The

Engineer, pp. 3-7, April 1962.
7. McMahon, T. F. and E. J. Yoder, "Design of a Pressure-Sensitive Cell end Model Studies of Pressures in a Flexible

Pavemet Subgrade," Proceedings, Highway Research Bood, Vol. 39, pp. 650-582, 1960.

8. "Stress Distribution in a Homogeneous Soil," Research Report No. 12-F, Highway Research Board, Washington,

D.C., January 1951.
9. "Investigations of Pressures and Deflections for Flexible Pavements," Report No. 4, Homogeneous Sand Test Section,

Waterways Experiment Station, Tech. Memo No. 3-323, December 1954.

185



1 rer ' 'Dr r .. • , ýJo C' -5 _ Y eS . . . . .r. S J'ei t.. , rro', , - A . ', L', . o.e- .te r
Te sitS I nqacl eer, ias STP 305, Sy pVsoi -- S o a,•a•_ s, I9 i.

12. 'N_,cleor Ceoploics, Part Tbnree-Test Sites ancv lnstr"enf',tosOt,' preparea fc- tke Defense Atonic Sipport Ager,¢,
b/ Stanford Research Institute, February 1962.

13. Goode, et al, "Soil Survey and Bockfill Control in Frenchmen Flat," WVaterways Experiment Station Report for
Operation PNmbbob, WT-1427, November 1957.

14. Mason, H. and C. M. Wolfe, "A Soil Filled Soil Stress Gauge," Bulletin No. 28. Port III, Shock, Vibration and
Associated Environments, Office of the Secretary of Defense, Research and Engineering, Washington, D.C.,
pp. 87-89, September 1960.

15. Taylor, D. W., "Pressure Distribution Theories, Earth Pressure Cell Investigations and Pressure Distribution Data,"
U.S. Army Waterways Experiment Station, Vicksburg, Mississippi, 1947.

16. Monfore, G. E., U.S. Department of Interior, Bureau of Reclamation (Res. and Geol. Div.) Research Laboratory
Report No. S. P. 26, 1950.

17. Peattie, K. R. and R. W. Sparfow, "The Fundamental Action of Earth Pressure Cells," J. Mech. and Phys. of
Solids, Vol. 2, p-o. 141-155, 1954.

18. Buck, G. F., "An Interim Report on the Cell Action Studies Connected with Research on Pressure Measuiements in
Sand," Proceedings, Midland Soil Mechanics and Foundai~on Engineering Society, Vol. 4, pp. 95-105, 1961.

19. Trollope, D. H. and I. K. Lee, "The Measurement of Soil Pressures," Proceedings, 5th International Conference
on Soil Mechanics and Foundation Engineering, Vol. II, pp. 493-499, 1961.

20. Selig, E. T., "Detection of Transient Stresses and Strains in Soil," Proceedings, Symposium on Detection of Under-
ground Objects, Materials and Properties, Ft. Belvoir, Va., pp. 163-190, March 1962.

21. Durelli, A. J. and W. F. Riley, "Performance of Embedded Pressure Gouges under Static and Dynamic Loadings,"
American Society for Testing and Materials, STP 305, Symposium on Soil Dynamics, pp. 20-37, 1961.

22. Mason, H.,et al, "A Further Study of Stress Wave Transmission," United Research Services, Interim Report for DASA,
URS-160-12, February 1963.

23. Selig, E. T. and E. Vey, "Piezoelectric Gauges for Dynamic Soil Stress Measurement," Proceedings, 43rd Annual
Meeting, Highway Research Board, January 1964.

24. Selig, E. T., "Shock Induced Stress Wave Propagation in Sand," unpublished Ph.D. thesis, Illinois Institute of
Technology, Chicago, Illinois, January 1964.

25. Swift, L. M. and D. C. Sachs, et al, "Ground Acceleration, Stress and Strain at High Incident Overpressures,"
SRI, Operation Plumbbob, WT-1404, May 1960.

26. Swift, L. M., "Development of Soil Displacement and Strain Gauges," Final Report prepared by SRI for DASA, 1961.
27. Anthony, M. V., "Ground Motion Measurements," ERDL, Project 26.3, Operation Hardtack-Il, ITR-1704,

February 1959.
28. Selig, E. T., K. E. Hofer and N. A. Weil, "Elastic Response of Soil to Tracked Vehicles," Proceedings, Ist Inter-

national Conference on the Mechbnics of Soil-Vehicle Systems, Turin, Italy, pp. 97-107, June 1961.
29. Truesdale, W. B., "Development of a Small Soil Strain Gauge," Final Report for Air Force Special Weapons Lenter,

Albuquerque, N. M., AFSC-TR-63-3, December 1962.
30. Keller, R. W. and M. E. Anderson, 'Development of a Soil Strain Gauge for Laboratory Dynamic Tests," TDR-64-7,

Final Report for Air Force Weapons Laboratory, Kirtland Air Force BOse, New Mexico, April 1964.
3!. Truesdale, W. B., "A New Device for Soil Strain Measurement," Soil-Structure Interaction Symposium Session 2

(included in this volume).

186



SESSION FOUR-TUESDAY PM

STATE OF THE ART

SESSION CHAIRMAN: GUY L. ARBUTHNOT

TABLE OF CONTENTS page

THE BEHAVIOR OF SHALLOW-BURIED CYLINDERS, Jay R. AIIgoond 189

BURIED TUBES UNDER SURFACE PRESSURE, P. S. Bulson 211

REVIEW OF SOIL-STRUCTURE INTERACTION, Ccrl K. Wiehle 239

STRUCTURAL DESIGN TRENDS IN BURIED FLEXIBLE COIlDUITS, Reynold K. Watkins 246

A STUDY OF LOADS ON UNDERGROUND STRUCTURES, D. A. Van Horn 256

187



Participants in Session Four were, left to right, Guy L.
Arbuthnot (Session Chairman); J. R. AlIgood; D. A. Van Horn;
P. S. Bulson; R. K. Watkins; and C. K. Wiehle.

188



THE BEHAVIOR OF SHALLOW-BURIED CYLINDERS
by

Joy R. Allgood*

INTRODUCTION

In designing shallow buried shelters one is usually concein-d with loads in the range of 25 to 500 psi. Such
loadings are, of course, much larger than those encountered in normal culvert and buried pipe design and are dynamic
rather than static. These basic differences give rise to the need for an extension of the knowledge of soii-structure
interaction and for development of improved methods of analysis.

To understand dynamic response it is almost axiomatic that the static behavior must first be underitood. A
logical route to comprehension, then, would seem to be tu draw upon the accumulated knowledge of such fields as the
static behavior of buried culverts and the buckling of cylinders in a hydrostatic field and to extend tI'is information as
necessary to solve the blast response problem.

This paper represents an effort to synthesize available information to gain an improved understanding of the
behavior of shallow buried cylinders whose axes are paraliel to the ground surface, as indicated in the sketch in
Figure I, and to define specific areas where further research is needed. ThtE treatment is limited to thin metal cylinders
in a granular non-cohesive soil field. Particular attention is given to the n,'ching and buckling phenomena and in these
areas extensions to available knowledge are offered.

In the follo.w;ing paragraphs, tle status of culvert desi- and the predominant experimentoa work are reviewed.
Then, the status of applicabie buckling theory is given. Tterectter, the k-tow asoects of static behavior are discussed
to provide the b,-,is for a limited treatment of dynamic response,

ANAL•'SIS OF PROELEM

It is known from long experience t0 at t'ir metal cylinders buried in earth have the capacity for resisting large
surcharge and surface live loads. This is possible beccuse f resistance provided by the confining earth media. The exact
nature of the interaction has not been wel' unde'- tood; however, fr-n the studies that have been performed, the dominant
parameters are known to be those associated with 1) syster. ge-rmtry, 2) type of loading, and 3) structure and media proper-
ties. Those associated with geometry are the diameter to rhic&nevs ratio, the length to d;.,meter ratio, the depth of cover
over the crown to diameter ratio, and the depth oi soil to becd rý . In addition to these parameters, it is known that the initial
shape of the structure after backfill has an .nfluer.,e oil thr lod capacity. As to the loading parameters, one must, of
course, know whether the loading is staic or dnamic. If "t is a blast loading, orte should knaw the ratio of the rise
time to the natural period of the buried structure, the ratio of the poaitive phase duration to the natural period and the
peak side-on overpressure. It also is important to ki:ow 'he orientation of the wave front with respect to the longitudinal
axis of the structure. Likewise, one must know the velocity of the blast wave and te seismic velocity of the soil media
to determine the angle of incidence of the soil stress wave to the ground surface. Structure and media physiccl properties
of dominant concern are the structure stiffness, the moduli of vertical and horizontal soil reaction, and the soil properties
affecting these moduli including the angle of friction, the density, and the cohesion. Absolute and relative densities ef
the bedding and backfiii soil are exceedingly important--soft bedding permits developing arching, dense compaction at
the sides enables the jc;vation of large passive-sense pressures in the soil at small deflections. The influence of the
cited parameters and the choracteristics of failure of buried cylinders will become more apparent in subsequent discussion.

Failure of buried yiinders can occur in several possible modes including buckling, excessive deformation,
joint failure, compres.-i)n yieldingj of the tube material, and end wall collapse. What constitutes excessive deflection
depends on the tunction of te strucrure. Large relative motions between a personnel shelter and the free field may result
in rupture of fuel, water, 'na sewer lines. Conirol of relative deformations, obviously, is as important as assuring agcinst
buckling.

Until recently it was not o-knowledged that failure could occur by buckling; yet, for the high overpressures
induced by nur un veapons, bucklinq is a highly probable morHe of failure. The load at which buckling occurs is
directly depen,,_,tr on the amount of arching that occurs in the soil bridge across the structure.

Actually, little is known of buckling, arching, or other aspects nf the interaction phenomenon. Part of the
difficulty in comprehending the phenomencn is due to lack of knowledge if soil properties, including lack of data on the
influence of surcharge pressure on the moduli of soil reaction. Without this information or knowledge of the pressure
distribution around the buried cylinder it is difficult to analyze the structure.

"Structural Research Engineer, Structures Division, U. S. Naval Civil Engineering Lab, Port Hueneme, California.
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From the preceding, one can deduce that these five item:. bod- defl:cticns reltivt to the free field, moduli of

soil reaction, interface pressure distribution, buckling, and arching constitute the major unknowns and present the

challenge to comprehension that is the goal of this paper. These facets of the problem will be examined following a review

of previous work.

REVIEW OF PREVIOUS WORK

Status of Culvert Design
ne- of the more widely known methods for the design of flexible culver'* is due to Spangler and his proteges and

is based on limiting the horizontal deflection to an acceptable value (I). A common criteric is that the horizontal deflec-

tion shall not exceed 5 perzent of the nominal diameter. This ;s based on ihe observation that the vertical crown d"flection

that causes collapse is about 20 percent of the nominal diameter (2). The Spangier eqt,3tion, sr'meimec refL.,ed to as the

Iowa Formula, is utilized later in this paper.
Another widely used semi-empirlcal method developed by Barnard attenipts to. define the deformation and the

failure load. Bainard's development is based on the membrane method anid presumes that failure occurs whe.' tne com-

pressive stresses exceed the yield stress. The method ignores bend;ng momenis and the possibility ot buckling (3).

A more elementary method, recommended by one of the largest suppliers of culverts, is the so-call-,!d rir g-compression

method (33). It involves treating a culvert as a pure compression ring to assure that the walI and seam strength are ade-

quate and then making a check to determine if the stiffness is larger than a given minimum which experience has shown -,ill

insure against buckling failure.
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Rcently, Meyerhof and his colleagues hove developed an improved design method that treats buckling in a
rational way (4,32). The method is based on observations of a series of curved plates bearing against soil. Meyerhof con-
tends that, "Experience with culverts haý i.hown that their tiexural rigidity governs mainly the installation stages and com-
paction of the backfill, and the compressive strength of the culvert governs its behavior under the working load. " Meyerhof
and Baike have proposed an equation for the stress at buckling which allows for accidental geometric irregularities (4).

Experimental Evidence
"Ison has performed static tests on small steel tubes 5 to 10 inches in diameter with diameter to thickness ratios of

454 to 909 and length to diameter ratios of 1.2 and 2.4 (5). The tubes were sheet steel 0.011 inches and 0.015 inches thick
and were buried in a dry well-compacted sand. Measurements consisted entirely of applied load and rad;ol deformation of
the introdos of the tubes.

Bulson found that it was possible to express all of his results in the form of a single empirical equation. The equation,
however, has several deficiencies, among which are that it contains no term to account for the soil modulus and contains
the unlikely condition that the collapse pressure is inversely proportiona! to the cylinder length.

Less extensive experimental data but enlightening analyses have been made available by Luscher and Whit'nan (6,7).
These investigations were on one-inch inside diameter sand cylinders, one-inch diameter thin aluminum cylinders, and a
concentric aluminLum sand cy!inder system. A few cellulose acetate tubes also were included in the program Measurements
in these tests consisted primarily of inside and outside applied pressures and changes in volutme of the inside of the cylinders.
Analysis included consideration of the limiting equilibrium condition of a soil ring, buckling of a cylinderical shell, approx-
imate interaction and arching analysis, mathematical analysis of a lined elastic ring, and buckling of on elastically supported
ring. Luscher's tests showed that for relatively incompressib!e metal tubes very little arching was present; however, for the
more compressible plastic tubes effective active arching was mobilized in the soil. In addition, it was found that the experi-
mental data correlated reasonably well with the theory for buckling of an elastically supported ring. To achieve this the
modulus oF soil reaction appearing in the buckling theory was related to the geometry and material properties of the soil
ring. The greatest difficulty encountered was in defining the soil moduli. It was found that the critical tube flexibilities
where the failure mode changes from buckling to compressive yielaing could be approximated, thus defining the boundary of
the two modes of failure.

Experimental and theoretical results have been published by Watkins (8,9, 10) showing, among other things, that the
ring stiffness of a conduit has a minor influence on the horizontal deformations of a thin buried cylinder.

Rather extensive static (34) and traveling-blast load tests on buried tubes have been performed at the University of
New Mexico, Kirtland Air Force Base Shock Tube Facility. The static experiments are described elsewhere in this publication.

More limited experiments on cylinders have been conducted at a number of other institutions and at the Nevada Test
Site, including non-destructive tests at the Navy Civil Engineering Laboratory. Certain of the data from the latter tests will
be included as a part of the discussion to follow.

Theoretical Contributions
To understand the behavior of confined cylinders it is helpful to utilize information from the hydrostatic theory in

addition to that from the theory of cylinders in an elastic media. The hydrostatic theory will be a lower limit for buckling
should the soil become saturated. Both the hydrostatic and elastic media theories are important in giving one an appreciation
of the nature of the buckling problem. One of the first theoretical treatments of cylinders loaded radially was due to
Southwell, (12) who showed that a tube would deform into a characteristic number of circumferential waves.

An important recent contribution to hydrostatic theory has been made by Armenakas and Herrmann who reviewed the
buckling problem, cited errors in the classical solutions, and from their precise analysis developed simplified equations for
the buckling load (13). They have re-emphasized that in elastic behavior a cylinder deforms into a characteristic number
of circumferential waves, that the critical buckling pressure is a function of the length of a cylinder, of Poisson's ratio, of
the ratio of longitudinal to circumferential shell i 4ress, and of the thickness to diameter ratio. Their charts for determining the
number of circumferential waves will be useful later in this paper and ore included here as Figures Al and A2 of Appendix A.
Plots of the Armenakas-Herrmann equation for the case of zero initial uniform longitudinal shell stress are included as Figures
A3 and A4. More complete plots are given elsewhere (35). As one would expect, the hydrostatic buckling equation does not
agree with the experimentally determined load to produce buckling of buried cylinders as may be seen in the comparison of
Figure I. The Armerukas-Herrmann equations are for end conditions where the radial and circumferential displacements are
zero and where the. forces and moments normal to the original end planes are non-resistant. In practice this is achieved by
using deep thin annular edge rings. Langhaar and Boresi have presented solutions, tables, and charts for the cases where the
ends are simply supported, rigid, and free to warp out of their planes (28).

Hetenyi has investigated the problems of an elastically supported arch and cylinder. He gives equations for deflection,
moment, shear, and thrust corresoondiiag to various boundary co.:i.itrions but not for the critical buckling load (14). A
solution for the buckling load of an elastically supported cylinder subjected to hydrostatic pressure has been obtained by
Czerwenkn (15) and others (38). (Also see the bibliography to reference 38), A solution to the some prob em has been
derived by Luscher from the equations of Hetenyi (14). In addition to the solutions for the hydrostatic field and elastic media
theories, other contributions aontaining pertinent information warrant mention.
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In a particularly significant paper, Gjelsvik and Bodner showed that the energy load is a lower bound for the snap
buckling of elastic systems subject to transitional buckling and containing a certain class of initial imperfections (16). In
this paper a snap-buckling model was developed and the importance of two basic classes of imperfections were studied.
These imperfections are I) deviations from straightness of the member and 2) changes in basic geometry. Their studies showed
that imperfections in straightness of a member reduces the upper buckling load but leaves the energy load unchanged.
Gjelsvik and Bodner pointed out that there are strong indications that the energy load is a relatively insensitive function of
the buckled shape.

In other studies, Anderson and Boresi, (17) have found that there is little difference in the buckling load for load
distributions departing from the uniform all-around loading. This was verified by Armenakas and Herrmann who showed
that the difference in the c€haracter of the applied pressure affects the buckling stress only if the shell dimensions are con-
ducive to buckling into a small number of circumferential waves, that is, for relatively stiff- or thick-walled cylinders.
Nonetheless, the effect of change during deformation of the magnitude and direction of the pressure must be considered,
at least for hydrostatic conditions. Boresi and Bodner have shown that the critical values of the external constant-
directional pressure acting on a ring may be one-third larger than the corresponding critical value of hydrostatic pressure
where the direction and magnitude per unit of undeformed area depend on the deformation.

It remains to synthosize the reviewed information with some additional data to provide further understanding of the
soil-structure interaction problem.

DISCUSSION

Static Behavior

Introduction. The discussion to follow is concerned with shallow buried cylinders in a cohesionless soil field sub-
jected to uniform static surface load. The cylinders ore considered to be thin with respect to their radius, that is, the
diameter to thickness ratio in general will be presumed to be greater than 400.

There is a vast difference in the compressive strength and the moment resistance of thin wailed conduits. Obviously,
a conduit is an effective structure only if it behoves mainly as a compression ring. When confined in soil, experience shows
that a cylinder does just that. As it attempts flexural deflection, resistance is mobilized in the soil preventing collapse.
Whatever weakness the structure demonstrates, the soil tends to compensate for it. Only when excessive deflection, gross
compressive yielding, joint failure, or buckling occurs does the structure finally collapse.

Deflection. Deflection of a thin-walled buried cylinder subjected to a uniformly distributed static surface load is
characterized by 7Ibody motion of the structure with and into the soil, 2) flattening in the vertical direction, 3) reduction
of the perimeter due to pure compressive strain, and 4) development of circumferential waves. These basic deformations and
their superposed configurations are shown in exaggerated form in Figure 2. The body motion is the absolute vertical deflection
of the undeformed cylinder and consists of the dc:toatce aa, Figure 2a, due to compaction of the soil field and Yb, the
movement of the cylinder with respect to the soil. Displacement due to compaction depends on the ,chc.acter and depth of
soii to bedrock. The relative displacement depends largely on the bedding beneath the cylinder which is exceedingly influen-
tial since it largely governs the amount of arching that may be developed

Radial compressive deformation for metal cylinders is very small compared to deformations from other causes. For
cylinders tested at NCEL, it was found that the radial compressive deformation was less than 0.01 of that from the first
symmetrical mode deformation.

The first symmetrical mode deformation or flattening, indicated in Figure 2c, is due to compaction of the soil field
and to difference in the compliance of the cylinder and the soil. For design purposes, flattening is usually defined by the
horizontal deflection from the Iowa Formula.

Ax = D [ KWr 3  1 (I)
L El + 0.061E'r3

r = conduit radius

El = pipe stiffness per inch of length
E' = modulus of horizontal soil reaction in same units as pressure
DL = deflection lag factor (accounts for plastic flow in soil with time)
K = bedding constant (accounts for differences in compactiuo of soil beneath a conduit)
W = load on conduit per unit length

The correctness of the form of this equation is readily seen from the theory of curved beams and arches on elastic founda-
tions (14) Selecting a deflection lag factor equal to I, for dry granular backfill, a bedd;jdg constant of 0. 10, and the load
as the surface pressure, p, times the pipe diameter, D, times a unit length, Equation I may be expresses in non-dimensional
form as: Ax = 0.lop

D El
8 El + 0 .0 6 1E' (2)
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Fig. 2 Deflection of Shallow-Buried Cylinders
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The bedding constant of 0. 10 is the recommended value for flat bottom tienches with backfill tamped to the horizontal
diameter of the culvert; the load condition assumes that the dead load is negligible compared to the live load.

It is instructive to apply the Iowa Formula to one of Bulson's test cylinders for which load-deflection curves are
available. The data is as follows: D-10 in., t=0.015 in., d0=3.75 in., and E=30 x 106 psi. This data is used repeatedly
throughout the text to exemplify different points. Substituting in Equation 2 it is found that:

Ax O.lOp

D 0.0674 + 0.061E' (3)

From this equation it is evident that the first term in the denominator of the right hand side, the stiffness term, is negligible.
Clearly, the cylinder stiffness has a negligible effect on the horizontal deflection for thin-valled cylinders. Equation 2,
then, may be used to distinguish or define what constitutes a thin-walled cylinder; it is a cylinder whose stiffness has a
negligible, say less than two percent, effect on the horizontal deflection. Applied load, diameter, and the modulus of

soil reaction are the parameters which govern the deflection. Only for thick cylinders of relatively small radius of curva-
,ure would one expect sheli stittness to influence the deflection appreciably.

Equation 3 shows that the deflection varies linearly with the surfa., load. All available data prove this to be true,
although often there is a departure from linearity for pressures less than 10 psi. Apparently this depends on the initial
condition of the soil around the structure; for many tests, pressure-deflection plots as a straight line through zero.

As previously indicated, a cylinder under hydrostatic load is predisposed to buckle into a given number of circum-
ferential waves depending on its ratio of thickness to radius and length to radius. When a cylinder is in a soil field,
experinents indicate that it will tend to deform in the same number of circumferential waves as when loaded hydrostatically;
however, the wave shape is modified as indicated in Figure 2b due to boundary influences. To demonstrate, consider the
Bulson data previously given, t = 30 x 10-4, L = 2.4; then from Figure 2A, of Appendix A, n=7. Thus, the angle

r r
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between the circumferential wave peaks for ýydrostatic loading is 3- 51.4 degrees. The angle between circumferential
deflection peaks in the Bulson experiment was about 50 degrees at thc sides and 40 degrees at the bottom. An essentially
identical comparison was found for the cylinders tested at NCEL. The. sides buckled in the wave shape predicted by
hydrostatic theory, the angle between wave peaks at the bottom was slightly less than on the sides, and the top took the shape
of a pinned arch deformed in the first symmetrical ncrn-extensional mode. With this knowledge, one may readily predict
almost exactly the deformed shape including the included angle of the "arch" roof which for the above data would be
2-1/2 x 51.4 = 128.5 degrees. Bulson estimated the included angle at 140 degrees. The number of waves between inflection
points is usually fairly obvious, particularly if one p , a sketch of the circumferential wave deformations. Since the
deflected shape n be predicted, one also knows in advynce the shape of thýe moment diagram.

Soil Moduli. Determination of the various soil mioduli presents one of the greatest uncertainties in buried cylinder
analysis.Th9s -section attempts to define the moduli of direct concern; as used here they are:

I. Modulus of horizontal soil reaction, sometimes refered to simply'as the modulus of soil reaction, E',
in psi; as used in the Iowa Formula. E' 2

2. Coefficient of horizontal soil reaction, k' =- in, Vbin. /in.; alternately used in the Iowa Formula.
3. Modulus of vertical soil reaction, also callec the modulus of foundation reaction, Ez, in psi; used in tW

transitional buckling equation.
4. Coefficient of vertical soil reaction, kz, in lb,/in. 2 /in.; alternately used in the transitional buckling

equation.

The different moduii in different directiuits, of course, are due to the anisotropic properties of soil. In addition to the
above terms, it is useful to utilize constants of horizontal and vertical soil reaction as defined by Terzaghi (36). Collec-
tively these are referred to as moduli of soil reaction.

The modulus and coefficient of horizontai soil reaction are constants unique to the buried cylinder system. They are
best determined from measurements on thin-walled cylinders substituted back in Equation 3. A model conduit in any suitable
soil test tank should provide good results for granular soils when the depth of burial is sufficient to avoid undue error from
the surface boundary influences.

It is not advisable to try to determine the modulus of soil reaction from lateral plate bearing tests or other tests of
different geometry. Gill has found in recen, unpublished tests at NCEL that the modulus of horizontal soil reaction is a
non-linear function of displacement width of loaded area, and surcharge pressure. As is well knownthe moduli of soil
reaction depend on the geometry, the physical properties of the underlying medium, the rigidity of the structure, and the
position, direction, and configuration of the displacement. In view of this dependency, the odds are against correct
determination of the modulus of horizontal soil reaction on any but a model of the actual system. Even the model approach
may not suffice for cohesive soils where modeling is more difficult. Apparently, for the shallow buried cylinder in non-
cohesivw soils, the effective plate width decreases with increasing load resulting in a straight line load- i.flection diagram
ard a constant modulus of horizontal soil reaction. The modulus, however, will vary with depth.

The modulus and coefficient of vertical soil reaction are linearly related. An equation between the two can be
found by comparing the derivations for the critical elastic buckling pressure alternately employing these moduli. A
derivation by Luscher (6) gives the critical pressure as:

Pc r := 2 _ E 'E

N rs (4)

where E. = modulus of vertical soil reaction
El = stiffness of cylinder wall
r = radius of cylinder

A derivation by Link (38) results in the expression: p Ir3  = _ 1 k r4

(4n -1)
where p, = load which produces pure compression of cylinder

2n = number of circumferential waves
k . coefficient of vertical soil reaction

A lower bound to Equation 5 of sufficient uccurocy for practical purposes for n greater than 3 is

Pr ý C (5a)
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-gal Comparing these two equations it is evident that: kz Ez (6)

r

A similar relation would be expected to hold for the modulus and coefficient of horizontal soil reaction as d y.
hape Watkins (10) in his dimensional analysis. Other than for model tests, adequate means for evaluating the modulus of horizontal

soil reaction for a cylinder have not been developed although Lu.cher and Meyerhof have made contributions toward this end.
Luscher has developed relations between the modulus of soil reaction and the modulus of elasticity* of an elastic soil of uniform

on thickness surrounding an elastic cylinder. He also has given a relation from the theory of elasticity between the modulus of

elasticity of an idealized soil and the one-dimensional compression modulus.
Meyerhof has presented approximate relations between the modulus of horizontal soil reaction, the coefficient of

soil reaction, and constants of soil reaction for clays and sands. These relations are valuable as a guide where it is economically
unfeasible to perform a model test.

No sound direct method for finding the modulus of vertical soil reaction has been evolved as yet. Considering the
lower one-half of a buried cylinder as a free body, one can observe that in its tendency to body motion it acts much as a
hearing plate. !n this case, the change in effective plate width with increase in load is small Consequently, it might be
expected thai' the modulus of vertical soil reaction might be determined from bearing tests with surcharge pressure on a semi-
cylindrical bottomed plate.

White has found in unpublished tests on 15-inch circular plates on dry NCEL sand that the static coefficient of
foundation reaction is an exponential function of the surface surcharge pressure. Contrarily, buried cylinder tests at NCEL
show that the absolute vertical deflection increases linearly with applied surface load which would indicate that the
coefficient of vertical soil reaction is a constant. Obviously, further investigation of the modulus of vertical soil reaction
is badly needed.

Thrust and Moment. Typical plots of deflection, thrust, and moment from NCEL static experiments on buried cylin-

re ders are given in Figures 3, 4, and 5. These plots are for uniform surface loading. Except near the top and bottom the

:)le distribution of thrust is nearly uniform. Significantly, the thrust is smallest and the moment is largest at the bottom of the
cylinder. Magnitude of the induced moments would be expected to be very sensitive to the backfill placement. At the
tnp, the boundary influences come into play resulting in thrust and moment distributions much the same as in the similar
"egion of a buried arch (19).

Arching. In tests of buried arches it has been found thut a large portion of the surface load is carried through
arching in the soil and that the extent to which arching is developed depends on the relative motions between the structure
and the adjacent free field soil (19). The relative displacement in the case of the arch depends primarily upon the fooiing

h width and ;t is significant that relatively small footing widths are required to permit activation of appreciable arching. The
theoretical development of Luscher tends to confirm the finding: he found that in an annular soil-cylinder system, deforma-
tions of 3 to 7 percent of the inside radius are required to develop full arching (6). In concentric aluminum tube-sand systems
Luscher found that there was little arching, but for plastic tube-sand systems, some active arching was experienced. In tests
at NCEL, the thrust due to to ring compression, calculated on the assumption that the interface pressure was equal to the
surface pressure, agreed with the measured thrust at the sides. Thus, none of the surface load was taken by the soil in

arching. Indications are, then, that for shallow buried steel and aluminum tubes in a uniform soil field, the net arching will
be negligible.

Arching con be achieved by controlling the compressibility of the bedding beneath the cylinder or by designing the
cylinder with joints which slip under surface load. The result will be development of arching much as in the case of a buried
arch (19). For stiffer structures, Mason has shown that passive arching may occur which may greatly increase the load on a
buried structure (31). Obviously, the bedding stiffness should be controlled to avoid such a situation

Understnnding of the arching phenomenon is greatly enhanced by studying the elementary two-dimension•: trap-door
system of Figure 6 and assuming that the shear stress-strain diagram is elasto-plastic as indicaied in Figure 7. With this
system one may obtain a first approximation for I) the depth of cover required for all of the load to bs carried by soil arching,
2) the maximum percentage of the surface load which con be carried for any lesser depth, and 3) the deformation required to
develop the maximum possible arching

For this purpose arching is defined as the total shear developed on the sides of the rectangular prism, A, Figure 6,
that is. the amount of the surface load on A that is transferred to the adjacent soil mass.

If the trap door in Figure 6 is displaced sufficiently, failure planes will develop in the soil moss. These may be

assumed as vertical planes through the edges of the trap door. Vertical equilibrium of the prism A requires that:

(,o - PH ) D + y(DH = 2r" fH (7)

The ratio of the change in deviator stress and the corresponding change in linear strain at unaltered

confining pressure in a trial shear test.
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Fig. 3 Peak Cylinder Deflection at 25 psi

where p = surface pressure

PH = average pressure on the trap door
D = width of trap door
T = failute shear stress

= density of soil

H = depth of soil over trap door

ot failure T -rf=c+ko ov ton + (8)

where c = coefficient of soil cohesion
k = o" n = at rest coefficient of earth pressure
Iv - a- ; vertical soil stress at a point in the soil mass

ml, = horizontal soil stress at the some point
= angle of friction of soil

For shallow buried structures subjected to uniform surface pressures, one may take v This relation and Equation 8
with the condition pI:r, the failure load, suvstituted in equation 7 gives the depth for incipient shear failure a

I -PHM T
H (9).

2ko 0 to 2c_" (9)
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Fig. 4 Thrust Diagram

The depth of cover, H, required for all of the surface load above the trap door to be carried by arching is foun-4 by setting
the average pressure on the trap door, p , to zero. If this is done and one utilizes the knowledge that katan •is approx-
imately 0 . 3 for most all granular soils, oen, for > >) 2c - y D,

M -- 1.67 D (90)

Equation 9 also may be expressed in the form

z[Pr 2c-y 10 HO (10)
PC 0 = [2k0tano -

where pa = percent of the surface load carried by arching.

Applying the cendition and opprox;motions imposed on Equation 9, Equation 10 reduces to

60H100
Pa "15 Pa •I(1

The trap-door deflection, d required to develop the moxinmm potsible arching for a given H/ID is found by subtituting
the stress-strain condition a:inc;p;ent %hear failure, rt - CG in Equation 7 ond noting that df - Gf$, whence,

[97 X;; , H!5 (12)
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but p - p i is given by Eq90-teon 10. thus dt: 2c y DH

"which F 2kotan 4P " 0 6 aond p > > 2c -tori becofw

d$ ,.(0• 30 f 'G It M. M <_ (1<4.

It is iawp<atnt to obterwe **at do dependst on pressure and that the failure con be found only when 4 1 s known from one-

dimtraional theor tettt
A more refined oanlytical opprooch to the trap-door problem than the preoa, ding hot been developeo by Finn (20).

fo te case of an elastic media ef ;nf;nite depth This work has be", entended by Chelolpot at NCEL to a f;nite 6orpth

of cover with a surfoce pressure %37)
Whether h•e trap wooa of Figure 6 hstraight o, c€rved wakes little d;ffweore .,, th preceeding onolysis providing

it doe rnot deflect at a plate h"t, the reloiaom hold for o buried arch or cylinder For a cy;i.tcit: H = r do (5•.
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Fig. 6 Trap-Door System Fig. 7 Elasto-Plostic Soil

where r = radius of cylinder
d = dý.'pth Q cover over crown0

It is interesting to cormpare results from the proceeding equotions with data from tests perfo med ot NCEL
In the previously cited static tests on thin metal buried orches, it was found that the percent of the surface oi.4

carried by atching depended upon the foowing width but 'or a given width wos essentioaly constant in 'he pressure range of

3 tai to 25 psi ('9.n Geo"-vii:c Parameters 'ot these arches were i 7 15 in , do - 6 in , t - shell thickness ,, 0 0478 in
h footing depth ý i 8 ir, b • footing width - I. 2 inches From Equation 10:

4 " 0 33D 6eth

The experimentally determined value for the 1 2 in footing w;d* was 60 p•,cent and for n 2 4 in footingq width was 40
.erent Tlese values ore larger than those predicted b1 the above quoation probably because the deflection% of the thin

metal arch"e permitted detvetol..ment of Pasive priesures which re( iced thI, thrust that would otherwise hove occurred at
the spoi.ng line U~nfortunately this is the best oto thato is presently available fe, com-priion with Equation 10; it does
indicate thO0 th-r *tw,-e is a -conobie finst Opprosimlion for shallow buried structures

Fi.esumobly the wessure. 0, o deiel•p t*0 shear in lie soil of the arch tents was 3 Osi since te percent orching
was ccstcant Ot lorgier ptissvret Thus, te deqortnotson rvuired to deucelop the shear is iom Equation 12:

df 05 [o 3 1230 J 22.8 0Oil irdf L O3 3 
1

where Y = 3M psi

The delor-etalo rllotive to the free field required to develop te rnaximum possibie arching at 100 psi overprotsusre is c
sieoeIte 0 28 irirhe, rMe defoelion of the I 2 inch footings relative to th, free field for the first loading to3 psi was
0 022 ;notes .hc;€ w.,, omrp!he to develop the mrnximvrm 9-ossible arching
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For a shallow buf;ed cylinder in a uniform soil field, the maximum possible relative deflection of the horizontal
center-line with respect To : point at the same original elevation in the free field will be:

xc x 1.64 p (16)

2 2 El
At 3 psi load, the value of tý x in the 24-;nch diameter cylinders tested at NCEL was 0-000• inches for the firsw loading
while the necessary deflection to deve',op fu•l orching was 0.010 inches.

From the preceeding discussion and equation it would seem that the buried arch with strip footings is inherently
superior to the buried cylinder for resising !arge iiaci loads since the arch is capable of undergoing sufficiently large
deformations which increase with applied load to permit trarnfer of a large portion of the surface load to the 5oil in arzhing.
As normally built, buried cylinders do not 4ave .'., ccpabi'ity, however, through use of proper bedding and slip joints the>
can be designed to have similar capabdli:.s to 'he buried arch, thus, greatly increasing their failure load. Even if this is
not done and a local failure develops, arching will immediately develop in the soil.

Failure Modes. From the k.evious analysis of "%e buried cylinder problem, it is evident that there are several modes
of failure inc-Tu•r-ng oint failure, 2) compression fadll - vf t'- ¶ell woll, 3) excessive deflection of the cylinder relative
to the free field, and 4) bucklingL Joint fail'.e, and comoression failure of the wall are relatively easy to design against.
Further, excessive deflecdior relative to the ' :e field is seldom a problem in buried cylindes as it is with buried arches.
With buried cylinders, buckling is the least understood of the possible modes of failure, as such, it is of dominant concern.
Buckling of shallow buried cylinders appears to be a phenomenon of two's: there are two basic methods of analysis, two
fundamental types of 6.ckling, and two charocteristic modes of buckling failure. These are:

I. Methods of analysis
a. Classical method
b. Energy load

2. Types
a. Elastic buckling
b. Plastic buckling

3. Modes of buckl*ng
a. Roof caving
b. Local snap buckli,9

The transitional and caving modes ' bouck!ng are illustrated in Figures 8 and 9.

Clas-ical and Energy , cklie-g Loads. Fung and Kaplan have observed, "Both the classical and the energy criteriu
have been applied to curv--ecms and sem• es. To some case-,, the classical criterion gives be'er results. The reason, as
pointed out by Tsien, is ti -it in some cases the energy "hump" between two equilibrium statet (one buckled and one unbuckled)
:r the same energy level is Ib.rge and in other cases it is small. If 4he hump is small, the ever present small disturbances will

enable the structure to jump from the unbuckled state to the more stable buckled state. Otherwise this jump will not be
incurred Xhe crvcial dec;sion of the proper criterion depends much on what one means by a "practical" experimental setup
-. a "practicc I' service condition of the structure. " (2!) Fung and Kaplan performed experiments and calculations for a
sinuso:dol arch wherein the stress at buckling was well below the yield stress of the material. The essence of their work is
contained in Figure l0 where it may be noted that the experimental results agree with the classical solution for the larger

k ,l " J

initial position - initial position

,/ - -- - ,, _. start of roof caving

I 'final collapse

Fig. 8 Transitional Buckle Fig. 9 Caving of Roof
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Fig. 10 Theoretical and Experimental Results for Shallow Arch. Reproduced from NACA, TN-2840.

values of A but are better defined by the energy load at smaller values of A.I. The parameter X I is defined as

= - V" 7)

a = rise of arch
L - spon
A area of longitudinal section per unit length
I= moment of inertia of longitudinal section per unit length

The envelope and the scatter of the experimentil data of Figure 10 are of particular interest especially considering that
all of the failures resulted from elastic and not plastic buckling. The data of Figure 10 illustrates that the buckling load
cannot be defined with great precision, that is, there will always be considerable scatter of experimental results. It is
also evident that the most suitable method of analysis of the buckling problem depends on the geometry and the range of
stiffness of the structure. Fung and Kaplan have shown that very similar results to that of Figure 10 hold for the circular
arch.

The preceeding information on arches is pertinent to the buried cylinder problem since the lobe consisting of one-
half of a circumferential wave at the bottom may be considered as a sha t low arch hinged at the inflection points. One
finds difficulty in determining the snap buckling load of this small arch, however, because I) the arch rise corresponding
to a given thru0t is unknown and 2) the distance between the inflection point changes with applied load.

For the Bulson cylinder the values of X I may be computed based upon the measured rise of a lobe at different
aprlied loads and for the rise of a segment of the undeformed cylinder with the same included angle, Doing this, it is
found that X1 is in the range where the class Iheory gives good results. In any given case, computing A based on
the uit 'formed geometry and the included angle corresponding to the wave shape for hydrostatic loading should provide
an indication as to whether the energy load or classical method should be empioyed to define the buckling loaJ.

To simplify the discussion of the buckling phenomenon, it will first be assumed that the cylinder is in a uniform
soil field and that the buckling is elastic. Under these conditions, as has been shown, there will be no net arching across
the structure though there will undoubtedly be local areas of active and passive pressure. For uniform soil conditions, and
shallow burial, tests show that the pressure on the cylinder is essentially equal to the surface pressure. This is readily
demonstrated from the thrust distribution, Figure 4, for the NCEL test cylinders. It may be observed that the thrust at the
sides is very nearly equal to the pressure times the radius for any given loading. Thus, the average loading may be con-
sidered as a uniform all-around pressure equal in magnitude to tho surface pressure.
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Elastic Sr.ap Buckiing. Knowing the loading, one mry ptoceed to consider the buckling load. Let us first dis-
cV.,ss sraF bu-ckling ina lobe ot one of the waves at or near the bottom of the cylinder. As previously pointed out, if one
exumines the deflection data from tests it is found that the p2riod of the circumferential waves at the sides, and to a lesser
accuracy near the bottom, is that predicted by the hydrostatic theory. The buckling load computed from the hydrostatic
theory, however, is much less than the experimental buckling load as indicated in Figure I.

Conversely, the buckling load from the theory for an elastically suppoded cylinder, Equation 4, is usually con-
siderably larger than the actual buckling load. Such calculations must, of course, be based on appropriate values of the
modulus of vertical soil reaction. Bulson's cylinder-, which were relatively thin also showed this tendency; buckling was
clearly inelastic. The theoretical elostic buckling load for the previousiy employed Bulson cylinder was about 68 psi
while the experimental buckling load averaged 46 psi for a wall of 40,000 psi yield steel.

Inelastic Transitional Buckling. Most buried cylinders, particularly those with the relatively thick walls required
in blast rs'iont design, can be expected to fail by inelastic buckling if they buckle at all. Meyerho t hc, 6iven an
approximate elation for the stress at incipient transitional buckiing as:

b aA b < y (18)

where •1b stress at incipient buckling
5 : yield stress of shell material
El =stiffness of cylinder per in. of length
6, = Poisson's ratio

A = area of unit length of cross section of wall
t = wall thickness = A/1 for a rectangular section
kz = coefficient of vertical soil reaction

For a uniform soil field where the net arching is zero, the theoretical surface load to produce snap buckling for a
cylinder with a rectangular section and negligible induced moments is:

t ab
Pcr r (19)

Meyerhof's theory is based on the c~assical theory of buckling of flat plates and, hence, cannot be expected to be uni-
versally applicable and accurate in predicting failure loads. Indeed, experiments have shown that considerable yielding

can occur prior to buckling collapse in thicker walled cylinders (34).

Elastic Caving. In certain instances, especially if the cover is very shallow, failure in the caving mode is a
distinct possibility. Tests performed at the University of New Mexico Air Force Shock Tube Facility showed consistent

collapse in the caving mode under static loading for 8-inch diameter cylinders with one-inch of sand cover over the
,ýra-wn (34).-

Prediction of the caving load is facilitated by the observation that the upper portion of the cylinder deflects in
the first non-extensional symmetrical mode of a two hinged arch. Determination of the included angle of the "hinges"
was previously discussed. Further, from Figure 5 it may be noted that the moments in the upper portion of the cylinder are
much less than at the bottom. Because of this, buckling of the "arch" is much more likely to be elastic than for buckling
of a bottom lobe.

One might question why the upper portion of a shallow buried cylinder deforms in the shape of the first non-
extensional symmetrical mode of a hinged arch? The reason becomes evident if it is recognized that since the bending
resistance of a thin-walled cylinder is small, it will deform as required to develop a nearly uniform radial loading on the
extrados. Obviously, this can never be completely achieved because of the presence of the surface boundary and the
development of circumferential waves. A detailed study of the action of successive soil elements shows that the presence
of the surface boundary alters the circumferential waves near the top of the cylinder and forces deformation in three half
waves as illustrated in Figures 2b and 2d (35).

The elastic caving load may be estimated from Equation 5 if the term 4n 2 is replaced by (2nw/6)2 , where (X
is one-half the included angle of the "arch" (38). One must, however, modify this equation to account for the presence
of the surface boundary. Test. iesults provide evidence that the failure load is very sensitive to the depth of cover up to
a certain minimum value but that above this transitional value the depth of cover has little influence on the caving load.
Indications are that the transition depth may be as small as one eighth of the radius depending on the wall stiffness,
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although, insufficient experimental data is available to be certain. A study of Equation 5 reveals that for small El arches
with n = 3, the first term on :he right is small compared with the second term, thus, the caving load is primarily dependent
upon k., the coefficient of soil reaction. Actually, the great reduction in the modulus of soil reaction at very shallow
depths of cover is not of much practical significance since depths of cover larger than the transitional depth will usually be
required for radiation protection. In other words, with sufficient cover to provide radiation shielding, caving will not
usualiy be the critical failure mode.

For the Bulson cylinder, assuming the upper portion to act as a three hinged arch, the elastic caving load is com-
puted from Equation 5 as 93 psi. This, then, is definitely not a critical load for the cylinder considered, although, the
inelastic caving load may be.

Inelastic Caving. No method is available as yet for defining the inelastic caving load. The only known criteria
for this is that caving probably will not occur for practical depths of burial until the horizontal deflection reaches 15 percent
of the original diameter. Such large deflections are readily avoided by proper backfill. Further, inelastic caving is not
expected undvi 61ast ioud;ng.

One should be careful not to overlook the possibility of pure compression failure, especially under dynamic
loading.

DYNAMIC RESPONSE

Little is known about the dynamic response of buried cylinders, however, data has been obtained in tests at NCEL
and the University of New Mexico that give important clues regarding behavior. The NCEL tests show that for uniformly
distributed surface loading 1) the crown cnd side deflection under dynamic loading is twice the value from static loading,
and 2) the bottom displacement is essentially the same for the two load conditions. Another interesting observation from
the static tests was that the absolute deflection of the bottom of the cylinder equalled twice the magnitude of the deflec-
tion of the crown with respect to the bottom. These values were about equal for dynamic loading. Further observations
from the NCEL tests were 1) that the peak thrusts were about 0.98 pr and 1. 13 pr respectively for static and blast loads of
the same magnitude, and 2) the maximum moment at the crown under blast loading was 1 .5 times the corresponding static
moment. Strangely enough, the moment at the bottom was less for the dynamic loading than for the static loading.

The test data leads one to suspect that the soil field deforms essentially the same under static and blast loading
but that the structure and its cover behave differently. This difference is primarily associated with the upper portion of
the cylinder and is attributable to the presence of the surface boundary. Nearness to this boundary assures that the energy
absorption and dispersion are negligible quantiries, therefore, the surface pressure may be used in investigating the re-
sponse of shallow-buried cylinders.

Comprehension of the nature of response is aided by recognizing that the soil mass lear the crown, in effect, is
resting on a spring composed of the cylinder and its supporting soil. See Figure I I. As with any spring-mass system
subjected to a long-duration blast load, the maximum deflection will be twice the static value. This is true regardless
of what one chooses as the effective soil mass because the mass will only affect the time to maximum displacement, not
the magnitude of the maximum displacement. The analogy of Figure 1 I is useful in that it permits the application of the
knowledge gained about the spring-mass system to prediction and interpretation of the behavior of shallow buried
cylinders (35).

The model of Figure 1 lb and response charts (22) developed for the single-degree-of-freedom system are valuable
aids to ones judgement in predicting the influence of various parameters, including the natural period, on the motion of
the crown. The natural period of an actual installation may be calculated if reasonable values for the cylinder and
foundation stiffness can be found. One might also p (t) P (t)
scale up the period from the known period of a
model. Detonation of a small charge over the sur- mass of
face of the NCEL test cylinders resulted in a period g m do soil cover m
of larger cylinders in field installations also is
available (23). cylinder Tc

Apart from analysis by the spring-moss stiffntss cyl. masS
analogy, more sophisticated dynamic analyses have Iri
been developed for elastic and acoustic media (24, foundation z
25, 26). No success has been achieved as yet, how- stiffness

ever, in getting such theories to predict the motion
much less the failure mod i and load. ;,F77

Photoelastic studies have been made of
plates loaded with a traveling wave on one edge Soil-Cylinder System Model
which contained lined and unlined holes (27). The
extent of the applicability of such tests to soil- Fig. I I Model of Soil-Cylinder System

203



SOIL-STRUCTURE INTERACTION

structure system is unknown, but at the least, the resulting visual presentation of results aides ones' understanding for elastic
systems. Photoelastic studies indicate that there is very little stress magnif;cation due to dynamic loading.

From the information reviewed, it is evident that for plane wave loading:
1. Deflection of the sides and crown can be predicted from the spring-mass analogy. For long-duration

loads, these deflections, and presumably the corresponding moments, will be about twice the static
values.

2. The moments elsewhere will be about equal to the static values.
3. The peak thrust may be taken as 15 percent greater and, consequently, the buckling load an equal

percent less than for static conditions.
It is expected that the caving load would be considerably greater under a rapidly decaying dynamic load than

under static loading while the transitional buckling load would be about the same in either case. The reason is the de-
formation of the crown and sides requires considerable time and a short-duration load may decay to a non-critical value
before the collapse deflection is reached. The thrust to produce transitional buckling, in contrast, develbps very rapidly.

The influence of a traveling wave loading on response is not definitely known at the present time, although, the
collapse pressure for this type of loading is not expected to be appreciably different from that for plane wave loading.

Using the preceeding guides it should be possible to achieve a reasonably good design for a blast resistant cylin-
dericrl shelter, especially if one takes care to provide an adequate factor of safety against buckling failure. Care also
must be exercised to avoid "Iock,ýn in" large deformations and stresses during backfilling that will be subsequently
magnified by blast loading.

Other Considerations
Throughout the text, the buried cylinder problem has been treated as two dimensional when, in actuality, there

will always be stresses due to a finite length and end walls. For the case of hydrostatic loading, the influence of length
effects and of longitudinal compression may be seen in the charts of Appendix A. In the case of an elastically supported,
or soil supported, cylinder these effects are not well defined, however, it can reasonably be surmised that length effects
are less important than for hydrostatic conditions. in tests of 1 .6-inch diameter soil-surrounded tubes Luscher found that
changing the length from 10 inches to 6 inches produced no change in behavior. From tests of thin-wall buried arches, it
is known that the end wall effects dissipate in a length approximately equal to the radius. While no such information is
available for thin-wall cylinders, such information is available for thicker wall cylinders with spherical end walls (29).
Unquestionably, more theoretical and experimental work is needed to define the effects of length, end walls, and longi-
tudinal stresses.

There are, of course, numerous secondary aspects of the buried cylinder problem which eventually should be
considered. Some of these cre influences of a non-uniform soil field, the effect of backfill materials other than dry
sand, the possible gain in resistance from the introduction of slip or yield joints, and the possibility of utilizing mechanical
shielding through introduction of a liner or other material in the soil field.

It is not expected that use of other than non-cohesive granular soil will introduce any ;nsurmountable difficulty
in defining the !-ed capacity. Indications are that the modulus of soil reaction is the dominant soil parameter, consequently,
for a given modulus the load copacity should be essentially the same regardless of the character of the material comprising
the soil field.

The analysis of the problem given in this paper is based upon limited theoretical and experimental information,
hence, it must be expected that certain of the deductions will need alteration when more extensive data becomes avail-
able. For example, there are indications that the number of circumferential waves which develop is a function of the
applied pressure and the soil modulus in addition to the length, diamter, and wall th'ckness It also is possible that the
influences of length ore sufficiently important that they cannot be neglected in defining the action of the central tran,-
verse section. Imperfections in roundness are not expected to affect the transitional buckling load but may effect the
caving load. These things can only be ultimately determined from experiments.

Factors such as rotation at the seams of bolted plates and optimum geometry for corrugated plates are not treated
here despite their importance in culvert and protective construction design These matters have been %tudied in some
detail and information on them is available from the various manufacturers of plate.

CONCLUSIONS

This study attempts to transcend the major obstacles to comprehension of the behavior of shallow buried cylinders.
The problem is dissected and analyzed to determian the dominant parameters and to define the areas in which further
research is needed. The treatment and the following findings and conclusions are limited to the coae of thin-metal
cylinders with shallow burial in a uniform non-cohesive soil field

204



STATE OF THE ART

Ii can be conrludeJ that:
I. The stiffness of the wall has little influence on the cylinder deflection but does influence the buckling

load.
2. The moduli of soil reaction are the dominant parameters influencing deflection and buckling.
3. The cylinder deflection is a linear function of the surface load.
4. The modulus of horizontal soil reaction, E', is a constant at a given depth of burial.
5. Circumferential waves are developed on the sides which have the same included angle as an identical

cylinder loaded hydrostatically. The included angle of the waves at the bottom is slightly smaller than
for side waves and the top deforms in the first symmetrical mode of a two-hinged arch due to the presence
of the boundary.

A study of arching shows that:
I. For static loading a certain minimum cover is required for all of the surface load to be carried by arching.
2. For an), lesser depth there is a maximum (determinable) percentage of the surface load whicn can be

carried by arching.
3. A certain minimum relative deformation between the structure and the free field is requ. ed to develop

the maximum possible arching.
4. The net arching across a thin metal cylinder is negligibly small, although, local active and passive

arching exists around the perimeter.
The arching analysis and measurements show that the effective load on the structure to.nding to induce failure is tý'e surface
overpressure.

Buckling failure may be elastic or inelastic, in either the caving or transitional modes. The caving mode conrists
of a collapse of the roof while the transitional mode is characterized by a local snap buckle near the bottom of the
cyl;nder. For thin-wall cylinders failure in the transitional mode will most likely be inelastic.

Under blast loading and for the depths of cover required to provide radiation shielding, the most probably failure
mode is inelastic transitional buckling provided the structure is designed to avoid end wall, joint, or other secondary
failure. Deflection of the sides and crown can be predicted from the spring-mass arnalogy and for long-duration loads
these deflections will be twice the corresponding static values. Peak thrust and, consequently, the buckling load is
expected to differ from the static values by about 15 percent--the thrust higher and the buckling load lower.

SUGGESTIONS FOR FUTURE RESEARCH

Classical and energy load solutions are needed for all of the possible modes of buckling failure. Most need'd
are a classical solution for the inelastic transitional buckling load and a derivation of the energy load for snap bjckling.
Experimental methods and data must be developed for finding the moduli of soil reaction in ,., ,uckl;ng equations. In-
formation is especially needed on the modulus of vertical soil reaction beneath the invert.

Eventually, experimertat and theoret;i.ol work should be avo-r ih,,, ,u oefine tp.c iniluence of a traveling wave,
behavior in non-cohesive so'!s, and the effect of such things as slip joints, non-uniformity of the soil field, and end walls
It also may be desireable to consider in more detail parameters such as the depth of cover, length and initial out-of-
roundness.

The number of variables is so large that it would be best if most test work could be accomplished as part of a
large statistically designed experiment even though different phases of the work were performed by different groups Ths
is probably the only way second and third order inte,'actiors can ever be defined experimentally.
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LIST OF SYMBOLS

A = area of longitudinal section per unit length
a = rise of arch
c = coefficient of cohesion
D = diameter of cylinder; width of trap door; coefficient

D/ = deflection lag factor
= deflection of trap door

do = depth of cover over crown

df = defection required to develop the maximum possible arching
E = modulus of elasticity of cylinder material

E' = modulus of horizontal soil reaction
Ez = modulus of vertical soil reaction

F = arching shear
G shear modulus
H = depth of soil over trap door
R -- minimum depth of cover for all surface load to be carried by arching
I = moment of inertia per unit length of longitudinal section
K = bedding constont

K0 = ko Or•v v at rest coefficient of earth pressure
kc = cylinder stiffness
kz =- coefficient of vertical soil reaction
k' = coefficient of horizontal soil reaction

L = length of cylinder; span of arch
M = moment
m - moss over crown acting with cylinder
N - thrust; longitudinal stress
n - rnumb'r of circumfirential waves into which a hydrostatically loaded cylinder buvkles
p = surface piessure

Po - percent of surface load carried by arching
PH average pressure on trap door
Pcr critical buckling pressure
p : uniform radial loi.J

failure load
P total load

Pcr "-total critcal buckling load
R r = cylinder rodius
T initial uniform longitudinal shell stress
I time; wall thickness

W load an conduit per unit length
y d•splocement

yb relative body deflection
z deoth from the soil surface
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Y =density of soil
Ax= horizontal deformation of a buried cylinder

4E unit strain
' = failure strain

= parameter
=L coefficient of friction
= Poisson's ratio

0b=stress at incipient inelastic transitional buckling
on=horizontal soil stress at a point in the soil field
Crv=vertical soil stress at a paint in the soil field
cy=yield stress of shell material

7' = shear stress
rf=failure shear stress

a ngle of friction of sail
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BURIED TUBES UNDER SURFACE PRESSURE
by

P. S. Bulson*

INTRODUCTION

This paper summarizes a number of recent investigations at M.E.X.E. into the deflection and collapse of thin-
walled, fiexible tubes buried in compacted sand, when the surface of the sand was under a static vertical overpressure.
The tubes were unstiffened and open ended, and the majority were circular or square in section. Surface loading was by
means of a uniform pressure applied hydrostatically.

Test specimens were mode from mild steel sheet, and buried so that their longitudinal axes were 4orizontal. The
moisture content of the sand was in the range 1% - 3.5%, and the average der.nity after compaction was within a small
percentage of 104 lbs per ft3 for all tests.

Most of the tests have been mode at a scale about I1 '10th full size, so that the tubes were 8 or 10 inches dia-
meter or side. Some tests have ic..u. *, at about 1/3rd full size with tubes 30 inches diameter or side. To do this we
have employed two testing rigs.

TEST EQUIPMENT

The 5 ft. rig
This is the smaller of the two, and measures 5 ft. square in plan, 4 ft. deep. It is shown diagrammatically in

Figure 1. The steel container is filled with fine sand in 3 in. layers, and each layer compacted by two posses
of a vibrating hammer fitted with a 6 in. square plate. This is found to give a very consistent density.

When the sand level reaches the bottom edge of two inspection ports, in opposite vertical sides of the container,
the tube under test is placed on the sand so that its longitudinal axis is level, central, and in line with the ports. All
tubes are 12 inches long. Inspection tunnels, made from tubes having the same section shape as the specimen ore placed
beiween the ends of the specimen and he ports, and all gaps sealed with piasticene. For very shallew depths of cover
the tunnels are mode with thick walls, so that they car. be re-used, but at greater depth it is necessry to make the
tunnels as flexible as the specimen, to eliminate earth arching across its length.

Further layers of scnd are added and compacted until the desired cover is teo.vhedI. In order to preserve the
shape of the tube during this phase, wooden struts are placed iqide (removed after compaction). A pair of soft rubber
dik1hragms, edged t--. a steel frame, is placed an the I-horizontol surface of the sand, and above this is a res.rining
structure is connected vin links to the side of the container. As water is pumfed into the space between the diaphragms
a uniform pressure is appl.ed over the sd surfoce. It is measured by a guuge included in the wateir supply system. The
maximum working pmresure of the rig is I0G psi.

Figure 2 shows the rig with te restraining structure and loading di;phragms removed, and the sand level with the
boa of tle specimen and tunnels. Figure 3 ihows a geneirol view.

.The 24 ft. rivThis is usd for the one-third scale tests, and is shown diagrammatically in Figure 4. It cýnsisto of a reinforced

concfete pit, 24 ft. square in plan, with vertical sdes to depth of 4 ft. by building up the Oide walls with steel
sections a total depth of 7 ft. con be ootained. Sand is !•yed by means of a travelling hopper, and compacted by
vibrating reller. Inipection ports ar opposite faces of the pil enable the behaviour of a specimwn to be studied during
loading. The positioning of specimens follows a similar sequee to the 5 ft. rig, and the same pirocedure is followed
during compaction of the cover.

A similar loading system is uved. In this cas the diaphragms ao 24 ft. squme, and the restreining structure
consists of large girders connected through heavy linkr to the side of the pit. Figure 5 shows the rg with loading
diaphagm termvaed and a group of three gir-lers i-1 rosition. The working pressure is 50 Psi.

"0 Heed of Structures Gtoup, Military E~perimental Establismient, Ministry of Defence, Christchurch,
Hampshire, England.
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Fig. 3 General View of Test Rig

RESTRAINING GIRDERS.
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Fig. 4 Transverse Ccoss Section of 24 Ft. Rig
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The plan area is large in relation to the size of the specimen to ensure the load on the specimen is not affected by
side friction. A considerable quantity of sand is stored in large hoppers when not in use (Figure 6), and a gantry crane is
used to handle the heavy apparatus. In be rigs the pit or container is completely excavated after each test, and refilled
acc.ording to a strict compaction sequence. Excavation is by mechanical digger and conveyor belt. In order to keep
moisture content of the sand as constant as possi'lae, the whole installation is housed in a weathertight hangar.

Measuring apparatus
Apparatus tar measuring specimen deflections in the 5 ft. rig consists of a long, heavy, stiff tube that passes

through the tunnels and the specimen, and is held by bearings fixed externally to a supporting frame (Figure 7). The
longitudinal centre of the tube carries a mounting for a potentiometric deflection gauge, which is placed in contact with
any desired face of the specimen. As the gauge plunger moves an attaiched contact riiJes over a finely wound resistance in
the body of the instrument, altering the balance of a pen-recorded bridge circuit. For circular cylinders, the gauge can

Fig. 5 24 Ft. Rig With Loading Diaphragm Removed

Fig. 6 Digger, Conveyors and Hoppers, 24 Ft. Rig
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be rotated through 360&- by rotating the main tube on its bearings, and in this way a complete record of radial diflections
taken.

As deflections grow to the order of 2 inches, and collapse approaches, the apparaoJs is removed, and in the final
stages deflections are measured by optical measuring devices (cathetometers). Sometimes the sequence is filmed using high
speed cine-camera, and the film projected later in single frames. Rotations are measured by mounting graduated scales
on slender rods, attached to the desired point on the specimen, and checking their movement by telescope.

All deflections so far observed in the 24 ft. rig have been by graduated scale and telescope.. Facilities exist
to measure strains in the walls of cylinders, FRAME SUPPORT AT I "
using resistance strain gauges, and earth

pressures, but the investigations to date have EACH END OF RIG.

been limited to the measurement of deflections
and over pressures only. PLATE TO0 PREVENT

CIRCULAR TU6ES I ANY LONGITUDINAL
C0I MOVEMENT.

Tubes made from tin plated mild.. I
steel sheet (E = 30 x 106 psi, a -I I
26,300 psi) with a thickness of 0. 011 in..I /I
and diameters in the range 5 in. to / POTENTIOCETPl DEFLECTION
10 in. were tested in the 5 ft. rig. The GAUGE.
depth of cover was either 3/8 or 1/4 x I A
diameter, sand density 104 lbs per cu. ft.p. ý/ OUTLINE OF SPECIMEN.

As over pressure was increased
each specimen buckled into a number of RIGID,
half waves around the circumference, I RIID HEAVY TUBE.
and the roof simultaneously deflected II *
inwards. Mast tubes collapsed in the I I
sequence shown in Figure 8. Large
deflections of the buckles around the I ROLLER BEARING UNIT.
lover half of the circumference were I
followed by one half wave deflecting I
rapidly and failing. This was followed I
by collapse of the roof in a three half
wave mode. In some tests roof failure Fig. 7 Deflection Measuring Apparatus
occurred before the lower buckles
reached ultimate capacity. Figure9 9 -'

shows a typical radial deflection plot,
indicating large roof deflection and
buckles around the lower rim.

Figure 10 shows the relation
between over pressure at collapse
(pmax ) and the theoretical critical
elastic buckling stress for the tubes I. ORIGINAL SHAPE. 2. ROOF DEFLECTS. 3. LOWER RIM
under a uniform lateral pressure BUCKLES.
(qco). The experimental points ore
in each case the average of a number
of tests, and as might be expected in J. % -

tests involving instability of circular I
cylinders, the scatter was rather high. t
Bearing in mind the limited range tested,
the results suggest an approximately
linear relationship between pm x and
qcr for the depth of cover to tube
diameter ratio (W/D) used. For 4. ONE BUCKLE iROOF COLLAPSES, &FWIWASHAP(.
d/D = 0. 375, GROWS RAPIDO.

Fig. 8 Stages in Collapse of Thin Walled Tube
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Pma. /qcr = 6.2, and for d/D = 0.75,
Pma,1 q 9.2.

Y•igures 11 and 12 are photographs of
a specimen after formation of the local buckle
(Figure 11), and after partial collapse 60

(Figure 12). Figure 13 shows the top central L±.±..L i. 7 -
vertical deflection, & c plotted against over
pressure for three selected tubes. The
relationship is linear, and the stiffnesses,
P/Sc, are: 60 psi per in. (d/D = 0.375)
and 95 psi per in. (d/4 = 0.75). The ratio
of the stiffnesses for the two depths of cover
(- 60/95), is of the some order as the ratio
of PmaWiqcr (= 6.2/9.2) in Figure 10. 9? 2.

SQUARE TUBES I): CONSTANT - 40 .. ____/__

COVER, VARIABLE WALL THICKNESS _

Depth of cover 3 ins.

Tubes iode from mild steel sheet / /
(E =30x 106psi, 0'Y =30,000psi), /
8 inches square, were tested in the 5 ft. ---
rig. In the first series, the depth of cover /
remained constant at 3 ins., but the gouge
of the sheet varied between 0. 165 in. and
0.038 in., giving side/thickness ratios in •
the range 210-485. Sand density was
104 lbs per cu. ft. 20

As the over pressure increased, /----- P o6 2
the roof of each tube deflected down-
words. The relation between over
pressure and deflection was linear at /
first, then foliowed a large increase .
in deflection for a small load increment,
as plastic hinges formed at the upper
corners of the tube. At this time ..
hori•ontal deflections of the centres
of the vertical sides were negligible.
Further aver pres.sre resulted in very C
lorge roof deflectiorm, untl one 0 2 6
vertical side collapsed uoer a combined { a fl V" d . . ,
end and lateral load. The collapse
sequence is shown in Figure 14, and a
tube after partial collapse in Figure 15. Fig. 10 Relomon xerween and c:rculor Tube

Curves of over pressure against
roof deflection for a typical group of four similar specimens are brought Ptgether in Figure 16. Note thet during early
stages of loading the f-ur specimens give similar retadirs, and that after the formation of plastic hinges the curves take
the moe linear form. The scatter in collapse preures only appears at the very end eo te loading squence, suggesting
variations in property of material or initial deviations Irom flatness rather than inconsistency in sand density. The
deflection at which plastic, hinges formed agrees well w.ith t theory for a clonhed roof under a vniformly distributed
load.

Seitleummt of the who:e specimen during loading ." iegligible. The angutlr rotation of the top corners of a
specimen was measued optically, and the relts appear in Figure 17. The sudden increase in rotation as the hi ne"
form can be clearly see.

As final collapse always occurred by tfie buckling of a vewtical side, and the buckling load of a side plate
under conmression is o function of (t. b)2 # where t ý wall thickness, b - wall breadth, it seenM logical to confiare
collapse over pressure (pmax) with It..b 2 . This has been done in Figure 18, which showis an iproaimately linear
relation, with a proportional increase in scatter at higher values of p,,,. The relation between roof stiffnem (&'& )
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i

Fig. I I Tube Removed From Test Rig After rormotion of Local Buckle

Fig. 12 Tube After Portiol Collapse, Showing Local hlckle and Form of Roof Foilure
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and (t/b)2 can also be shown to be linear.
For a second series of tests the depth ot

cover was increased to 6 ins., and tubes in the
some range of side/thickness ratios examined.
The moisture content of the sand varied between
1.3% and 2.3%, the average density being 103.2
lbs per cu. ft. As the over pressure was applied
the roof of each tube deflected downwards, and
the sides inwards. Roof and side deflections were
in some instances of the some order, suggesting
equality of vertical and horizontal pressure. This
was different to behaviour at 3 ins. cover, when .
horizontal deflections were negligible.

As plastic hinges for-ed a. the top corners
of the tube there was a slight increase in defiection
for small load increments, but much lass marked.
Further presscre increase resulted in !arge deflec- P

tions of roof and sides until both vertical sides
collapsed simultaneously inwards. This simul-
toneous collapse occurred in every test. The
•ollapse sequence is shown in Figure 19, and a
tube after partial collapse in Figure 20.

Curves of over pressure against roof
defle.;:-ýn for a typical group of three similar
specimens are brought together in Figure 21.
As in the 3 in. cover tests, the scatter in collapse
pressures only appears at the very end of the loading sequence, suggesting variations in property cf tube material or
initial deviations from flatness. For a soil/structure experiment, the scatter of results seems quite small.

Because collapse always took place by the buckling of vertical sides, we have again compared collapse over
pressure (p-mox) with (t/b)2 . Figure 22 shows the linear relation that results.

Relationship between pmax and (t/b)2

The above results suggest the relation:

Pmox ý k(tib)2 x 106 psi

Values of k from the tests were:

3 in. cover, k = 1.7,
6 in. cover, k = 3.0.

Before accepting these values for k an important limitation in the expeimental technique should be noted. The
approach tunnels at each end of all specimens were very stiff. The distance between the ends of these, across the length
of the specimen, was 12 in., and this was reckoned to be large enough in comparison with the depth of cover to preclude
arching across the specimen in that direction. However, as subsequent tests, described later, show, the stiffness of the
tunnel does increase the collapse pressure. The measured values of k, therefore, are high.

SQUARE TUBES 2): CONSTANT WALL THICKNESS, VARIABLE COVER

Wull Thickness .020 in; side width 8 in.
Tubes made from mild steel sheet'(E = 30 x 106 psi,'Y - 30,000 psi), with b, t ratio = 400 were tested in the 5 ft.

rig. The depth of cover was increased from zero to 12 in. in increments of 3 in. Tests were first mode with stiff
inspection tunnels, but the collapse pressures rose so rapidly when the depth of cover exceeded 9 in. that it was clear
the tunnels were offering odditional support. It was decided, therefore, to make them the same thickness as the
gwcimen - which mPeat new tunnels for each test. Three, and in one case four, specimens were tested at eac= depth.
The degree of scatter was low.

In Figure 23 collaps overpressure (pmax) is plotted against (d)2 , where d is the depth of cover. The
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Fig~. 20 Specimen After Collapse (,6 Inch Cover)
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relationship is shown to be linear over the range tested. For d = 0, 3 ins, collapse occurred by the buckling of one
vertical side (as described earlier). For d = 6, 9, 12 ins. both vertical sides buckled simultaneously inwards. Figure 24
compares vertical displacement of the roof with horizontal displacement of the side far a specimen buried under 12 ins.
Cover.

Wall thickness .015 in.; side width 8 in.
Tests similar to those just described were also made with tubes having a wall thickness of .015 in. and a b/t ratio

of 533. Figure 25 compares collapse overpressure with (d2 ), and again the relationship is approximately linear.

Relationship between Pmax and d2

The above results suggest the form

Pmax = n(d)2 ps;

Values of n from the tests were

t = .020 ins, b/t = 400, n = 0.085,

t = .015 ins, b/t = 533, n = 0.10.

Tests are continuing to evaluate n for tubes of smaller b/t ratio, and to extend the range of depth of cover.

SQUARE TUBES 3): INCREASING CORNER RADIUS

Tests have been made ir the 5 ft. rig to examine the effect on collapse pressure of increasing the corner radius of
a square section thin walled tube. The depth of cover was held constant at 3 ins, and the wall thickness at 0.015 ins.
All tubes were basically 8 ins. square. The corner radius was varied in the following increments: 0, 1, 2, 3, 3.5 and 4
inches. An 8 inch side tubv with a 4 in corner radius is, of course, circular. The tests were planned to study the effect
of tube shape on soil arching. The inspection tunnels were made the same shape as the specimen but of much thicker
material, so that collapse pressures are higher than we would expect with flexible tunnels.

Figure 26 shows the basic shape of the tubes, and the mode of collapse. Note that for smaller radii, collapse is
by buckling of a vertical side, but for larger radii instability first occurs in the roof. In the latter cases, it was possible
to continue loading after the appearance of the roof buckle, until eventually a verticcil side collapsed inwards, but we
have taken roof instability as the effective limit.

Over pressures at collapse are shown in Figure 27. Pressures at 2 in. corner radius are lower than at I in.
because 4f the change in failure mode. Increase in collapse pressure as the corner ;odius exceeds 3 in., and the tube
approaches a circular form, is very steep. Conversely, the presence of a small 'fla't' in a circular tube can greatly
reduce collapse pressure. lodging from previous sec ions of this paper, when collapse occurs by instability of a vertical
side, PmaA a (t/hb) 2 , where b, is the flat iength dowi- the side. A curve of this form is shown to give good agreenent,
including the odd result at 2 in. radius where we continued loading after roof instability, ,;ntil the vertical side
collapsed.

Instability in the roof must be associated with a hoci stress around the curved corner. If we assume a radial
pressure here, it can be shown that far the roof Pmax CC (t A1/ r), where r is corner radius. A curve of this form is
shown to agree with test results for r = 2, 3, and 3.5. For the completely circular section the collapse mode is again
different, and the maximum overpressure much higher.

The test results can be explained by considering only the structural behaviour of the tubes, without reference to
soil properties. This suggests that the shape of the roof, and any effect it has on soil arching during the early stages of
loading, has very little influence on collapse pressure.

SQUARE TUBES IN THE 24 FT. RIG

The first tubes tested in the 24 ft. rig were circular, but in order to examine scale effect, with special reference
to the large number of square tubes tested in the 5 ft. rig, the main experiments so far have been on tubes 30 in. square.
These were made from 14 or 16 gouge material (thickness .060 and .062 ins.), and buried with a cover depth of
11.25 ins. The density of the sand after compxaction by roller, was 104 lbs per cu. ft., which agreed closely with sand
density in the 5 ft. rig. The inspection tubes were stiff comparea wit!% specimens.

The depth of cover (d) was chosen as 11 .25, to give the some (d/b) ratio alheady used in one of the 5 ft. rig test
series (4/b = 0.375). The sheet thickness .060 ins gave a b/t ratik of 375, and the thickness .062 a ratio of 484. The
latter agrees closely with one of the small scale tubes (t = .0165, b/t = 485) so the scale of the test was 30.8 in all
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geometrical respects.
In Figure 28, over pressure is plotted

against S/b, where b is central deflection of 3
the roof, for both scales. The one factor that fo
does not scale is the dead weight of the sand, % /
and because of this the initial deflections (before .
application of over pressure) are proportionately % I %
greater in the large scale test. The pressure on -.

the shelter roof due to dead weight of sand is - --

0.18 psi in the 5 ft. rig, and 0.65 psi in the rwO r- I" r.2v
24 ft. rig. The curves agree reasonably well,
suggesting that roof stiffness is not affected by DOTTED LINES SHOW COLLAPSE MODE. CORNER RADIUS o r
scale after loading begins. The collapse
pressure of the large specimen is, however,
considerably lower than for the specimen in the
5 ft. rig (3.5 psi as against 6.9 psi). This is
thought to be again due to the dead weight of V 89
sand. When collapse finally occurs by buckling
of a vertical side, the lateral pressure acting
is considerably higher in the large rig,
because there is a considerably heavier r1• 3 r.4"
mass of sand moving between the slip line Fig. 26 Shape and Collapse Mode of Tubes With
and the surface. Experiments are continuing I a Corner Radius
to examine this explanation.

TWO-DIMENSIONAL TESTS WITH GRANULAR MEDIUM

In support of the work described so far, and to investigate more fundamentally the role of a granular material
surrounding a flexible structure, a third rig has been constructed. Details are shown in Figure 29. A steel frame 2 ft.
6 ins. long, 2 ft. high, 6 ins. thick, is packed with thin glass rods, about 3 mm. diameter, 5.75 ins long. The rods
surround a 5.75 ins. long specimen of circular or square section thin walled tube. These specimens are shorter, but
otherwise similar to those used in the 5 ft. rig. They are buried to a known depth of cover, and pneumatic loading is
applied to the upper surface through a rubber air bag,

By arranging the rock in coloured layers it is possible to study their movement immediately preceding and
during collapse. One face of the rig is plate glass, the other is metal. These enclose the rods but ore not in contact
with them. Figure 30 shows an 8 in. diameter circular specimen, buried to a depth of 3 inches, before loading.
Figure 31 shows the configuration after co!lapse, which was sudden and catastrophic under the pneumatic load.
Although the rods move with great acceleration, they remain parallel and do not break.

Figure 32 shows a square specimen after collapse of one vertical side, The slip line profile con be clearly
seen. The results of a number of tests with square tubes of varying t/b ratio and depth of burial ore brought together in
Figure 33. The results of a large number oa tests in this rig are now being analysed.

A similar rig, with higher sides, no top member, and no pneumatic loading, has been used to examine the
arching of a granular material under its own weight. The results of typical experiments in this series are shown in
Figure 34. In the first experiment, a thin walled square specimen (4 ins. side, .008 ins. thick) was loaded uniformly
over its roof by layers of gloss rock. The rods in each row were taped together with a flexible adhesive tape, to
contain them as the height of the pile increased. The specimen rested on a wood base, and was held from side sway
by two wood blocks that made contact with the upper corners, but allowed freedom of lateral deflection of the sides.
Figure 34 shows a plot of depth of cover against roof deflec. ion.

In the second test, wood blocks were placed to form a vertical sided trench above the specimen. Glass rods
were again placed in layers so that the specimen roof was loaded, and were contained by the blocks as the height
increased. Up to a depth of cover of 8 ins. there was no discernable difference in the loading curves for the two
cases. In the third test, rods were placed over the whole area of specimen and side blocks. To a '4epth of cover of
4 ins. the cover/deflection curve remained very similar in form, but for deeper cover begon to deviate. At a depth
of cover of 8 inches there was only a small increase in deflection as the depth increased.

A programme of simple experiments like this has been planned to examine the behaviour of the tube under a
variety of lateral supports, and with the applied load consisting of surface pressure as well as dead weight of rods.
Eventually the effect of a plastic, or elastic loading media will be compared with that of the dry glass rods.
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S. A theoretical and experinental 0-
investigation, sponsored by
M.E.X.E., is being urder- I C LOOFMG OVYER
token at Souti-odon.Zb

University, England, to study -
the noturcl frequency of
v;brotion of structures buried X ROF WIM IETWE
in soil. VERTICAL wuS. uUiL

, * * * . * • -

fhe work described on. circulor
and square tubes is covered in greater r ROOF LCDAINN OVER LARGE AREA-
detcil in ME.X.E. Reports RES 7/1, 1
RE$ 48.3/2 and RES 48.3/3. Reports J
to be issued later will give more detail
about the tests on square tubes with
variable cover, with increfising corner 4 36SSUMRE, THUK$SS Oct as)
radius, and at the larger scale.____________

This paper is published by "t
permission of the British Ministry of ' '

Defence, (Army Department), and thejScientific Advisors Broanch of t~he British m14- ---- a

N~one Office. 
i

APPENDIX / I3

The fjlewing material has been
added by the editor in an attempt to I"
present, within space limitations,
additioncl information which was pre- 2
sented at this session by means of a
mation picture . The motion picture
illustrated the collapse and foilure of
numerous buried structures. Figures 35
and 36 present selected frames from two
sequences which were enlarged from the
16 mm iotin picture film. They have
been appended to thf papet in order to loop,
show the mechanism of foilure from 0 W-
impending faivire to complete collapse. 0 01 0-2
It is felt that the failure sequences, ROOF Of.FLMCTION (6) )•
as shown in the photogrophs, add to
urxderstonding of the soil-structure Fig 34 Experiments Moth Glas Rock
interaction. Therefore, ,,ith Dr. Bulson's
permission, 'we have made this addition
to his paper.

----------------------
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Fig. 35 Time history, of the Collaps, of a Fig. 36 To me History of the CollaI" of a Square
Circular Tube lariod in Scond, Tube in the Two Dimensional Test Rig
andTested in the 2AFt.Ri Using Glum Rodsas the Soil Medium
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REVIEW Of SOIL-STRUCTURE INTERACTION
by

Carl K. Wiehle*

Interest in the problems associated with nuclear-blast loading on underground structures dates from about 1957.
Prior to this, interest was concentrated on the lower air blast regions, where drag and diffraction type structures and free-
fied phenomena were of primary concern. Research workers were interested, insole as structures were concerned, in such
parameters as the loading and response of various basic shapes and in their effect on such air blast phernomena as reflection,
diffraction, and drag. Although the term "structire-'nedium interaction" could have been used for these problems, there
was really no need to spend extensive effort on research to describe the properties of the medium (with the exception of
initial air pressure) from the star.dpoint of loading and response of structures; instead, in a given air shock environment it
was possible to adequately describe the air blast loading on most aboveground structural shapes of interest. For analysis,
the loading on the structure could be separated and investigated independently from the response of the structure; for
example, for the satisfactory prediction of structural behavior, it was assumed that the compressed air in intimate contact
with a responding structure hod negligible effect upon the mass and effective stiffness of the structure.

In conjunction with the formulation of nuclear-blast load prediction methods for complex geometric shapes, con-
siderable effort was also expended for determining the dynamic response of structures and structural elements (1,2,3).
The result of this combined research effort was the development of design procedures for the loading and response of
typical aboveground structures subjected to nuclear blast forces of 50 psi or less (4,5,6).

Although early protective structure research was primarily concerned with the aboveground situation, a -iumber of
nuclear field tests were conducted to determine the loading and response of underground structures (7-10). To design these
underground test structures, the engineer utilized his knowledge of the behavior of aboveground blast-loaded structures,
together with his knowledge of the behavior of ordinary underground civil engineering st, ictures. In general, the method
ao design was to asume a load ad then to design the structure by conventional structural design procedures. Since the
asumption was usually made that the ground surface peak overpressure could be applied to the structure as a static load,
these designs were seldom actual dynamic designs. Soil-structure interaction was generally not considered, although it
was sometimes accounted for by modifying the load distribution applied to the structure (9).

Although many of the test structures remainder intact during a nuclear blast, it became apparent that the behavior
of the structures could not be adequately predicted by the methods available. The main reason for the discrepancy between
theory and experiment was due to the failure of many investigators to adequately account for the interaction of the
structures with the surrounding soil media; that is, the loading and response of the underground structure could not be
considered as independent phases, as was done for the aboveground structure.

Determining the dynamic loading on underground structures is exceedingly complex since it involves the physical
properties of both the structure and the surrounding soil medium, as well as the charxcteristics of the input stress wave.
The stricture, by its very presence as well as by its structural response, affects the distribution of free-field stress in its
vicinity. For instance, the availing of an underground cylindrical structure under the influence of a stress wave traveling
across its diameter is dependent on the load and the properties of the structure. The load, however, is partially dependent
on the deflection of the structure relative to the soil, which is itself a function of the soil properties. This interdependence
of the soil response and structure response is a major difference between the aboveground and the underground nuclear
blast environment.

Even though the design of underground structures subjected to nuclear blast is an extension of the design of
conventional civil engineering structures such as tunnels, culverts, and retaining walls, it is somewhat surprising to
examine the limitations of present knowledge regarding the response of soil-structure systems even to static loads.
Although some basic concepts have been developed which have led to useful procedures for specific design problems,
there are insufficient quantitative data available regarding fundamental behavior to permit development of general
design procedures. Even the convent;onal culvert problem is difficult if the parameters are changed beyond their usual
limits (11,12).

Lack of knowledge of soil-structure interaction phenomena has placed severe limitations on the ability 4
engineers to confidently extrapolate test information to structirol and soil types that vay appreciably from the unique
test conditions. It is apparent that conside,'ble work must be done before adequate design procedures are available.
In recent years, however, there has been an increased research effort to determine the basic phenomena involved. The
complex problem of the interaction of stress waves with inclusions in solid media has been treated extensively both

*Senior Structural Rsearch Engineer, URS Corporation, Surlingome, California.
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teoretically and experimentally (15-25). However, because of the mathematical complexity of formulating a theory to
predict the behavior of a structure in soil, it has been necessary for investigators to make a number of simplifying
assumptions. These efforts have 4wariably resulted in solutions that are mathematicolly exact, but are generally restricted
to a specific, highly idealized situation in elastic media. In most instances, the theories postulated do not apply directly
to the design of structures in real soil. (Although the theoretical developments are very iqportant to an understanding of
soil-structure interaction, the basic approaches will not be treated in further detail in this paper.)

Even though soil-sructure interaction1 pbenomeno are not completely understood, two factors ore recognized as
important in determining the kod on the underground structure-, one is the flexibility of the individual structural member
and the other, the overall conmpressibility of the structure relative to the soil it replaces. (Of course, other factors must
also be considered, such as +e magnitude of the free-field stress and its attenuation with depth, reflection, refraction,
virtual mans, aid natural frequency of the structure.) Both involve what is commonly referred to as the arching phenomenon,
i.e., the ability of the soil, probably by virtue of its shear strength, to redistribute the stress in the vicinity of an inclusion.
The local arthing of soil stress around a dc'flecting structural member and the resulting relief of a portion of the load on the
member is universally accepted among investigators. (In soil mechanics, this is the arching effect, defined by Terzoghi (26)
for the classical static case of the yielding platform.) What is not so universally recognized by engineers is the arching
onto or away from a structure (because of its overall stiffness) c d the resulting increase or decrease in the total load on
the structure (24,25); that is, for a soil mass undergoing large strains, a relatively stiff structure would be subjected to a
total stress greater than the free-field stress, while a relatively soft structure would be subjected to a total stres less than
the free-field stress. For complex structures, it is a combination of the two types and the total stress may be either greater
or less than free field. It is important that an engineer concerned with the design of blast-loaded underground structures
recognizes this and, if poesible, accounts for it in his design.

It should be emphosi.ed that present knowledge does not permit a quantitative determination of numerical values for
"a specific soil-structure interaction problem in real soil. However, an examination of the traditional arching theory in
"a soil mas, together with recent investigations, can provide the engineer with a qualitative understanding of the concepts
as applicable to nuclear-blast loaded underground structures.

Terzaghi (26,27) treats in considerable detail the now classical static arching effect over the yielding platform. The
case considered is that cf a soil mass of finite depth overlaying a rigid base. Mounted in the base is a movable strip,
whose top surface is flush with the rigid base (Figure 1). An arbitrary lowering of the strip a-b results in the development
of shearing resistance between the soil mass attempting to move with the strip and that which remains stationary. Thio is
indicated in Figure I by the upward shear forces on the soil mass ir luded between the assumed vertical surfaces of sliding.

SOIL SURFACE--,,

r---. - -i - -" 11 1REAL
S' SURFACE

I !/+-_ - -ASSUMED

,' " SURFACE

RIGID 
b

FOUNDATION

Fig. I Soil Failure as a Result of Downward Motion of a MVvable Strip Mounted in Rigid Foundation
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The net result of the lowering of the strip is a decrease in total load on the strip, and an increase of load on adjacent
portions of the rigid base; the load essentially "arches" around the yielding platform. This concept of arching has been
applied to nuclear blast loaded underground structures by many investigators for both static and dynamic conditions (4,21,
24,25,28); it has been defined by Mason (24,25) as the "active arching case." Terzoghi's arching effect, or active arching,
would apply to an underground structure whose overall compressibility was more than the soil it replaces, as shown in
Figure 2. The upper portion of the figure shows an idealized structure with uniform properties which is embedded in a soil

SOIL SURFACE

( COMPRESSIBLE
STRUCTURE

(a) BEFORE SURCHARGE

(b) AFTER SURCHARGE
Fig. 2 Displacements Within a Soil Maoss With on Inclusion More Compressible Than the Soil

man prior to the application of a surcharge load. The horizontal dashed lines indicate typical planes of equal soil
elevation. After application of the surchorge, the structure, shown in the bottom portion of the figure, has compressed
vertically a greater amount than an initially ecual length of soil column in the free field. The horizontal soil planes
have now taken a generic shape similar to that shown, and the average stress on the structure is less than the free-field
soil stresw.

Active arching can also have important implications when it is necessary to determine the distribution of load on a
member of on underground blast-loaded structure. For instance, consider the roof of a rectangular structure that is buried
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in a soil mass undergoing a'i increase in stress shown schematically in Figure 3. As the roof member deflects under the
loading (ind;cated by the dashed lines in Figure 3), it is obvious that the soil at the center of the roof tends to displace a
greater relative amount than the soil oer the supports. (The use of these center displocements to justify the application
of the active arching case across the entire roof is disputed by some investigators, since the member has a con, tinuously
varying absolute displacement across its entire span rather than a uniform displacement as assumed !n the Terzoghi arching

P4

Fig. 3 Schematic of Roof Deflection of Lacded Underground Structure

theory. However, since this is somewhat analogous to the active arching case, it is quite probable that a portion of the
lo•.d arches away from the center and toward the supports.) Current analytical procedures predict a decrease in the totab
load on such a structure. This may or may not be correct, since it should be remembered tha:o an actual decrease in the
total load for the situation described has not been correborated by sufficient three-dimensional tests of und.-rground
structures subjected to large nuclear blast forcei. In any event, a redistribution of stress on the member would occur and
this in itself can be very important in *he design of a specific structural member.

A problem which has been given considerable attention in civil engineering technical literature is the deter-
mrunation of static earth loads on underground structures such as culverts which project above the natural ground surface
and are ttVen covered with a soil fill. A review of this case is given by Van Horn (29), who shows that the pressure
exerted on the top surface of a structure can be greater than the weight of soil above the structure. Mason (24,25) con-
sidered an analogous case ir. some detail as applicable to underground protective structures, and defined it as the "passive
arching case." In this concept, if the overall compressibility of an underground structure is less than the soil it replaces,
a stress wove impinging on the structure will result in an average load on the structure greater than the free-field stress;
maximum load on a given structure would occur if it were rigid.

The general concept is illustrated in Figure 4, where an idealized structure with uniform properties is embedded in
a soil of greater compressibility. The upper portion of Figure 4 shows a rigid structure prior to application of the surcharge
load, and the horizontal dashed lines indicate typical planes of equal elevation. After application of the surcharge, the
structure, shown in the bottom ýortion of Figure 4, has compressed vertically a less amount than an initially equal length
of soil column in the free field. Again, tho horizontal soil p;anes have some generic shape similar to that shown.
Because of the differential strain between the free-field soil and the structure, there is a redistribution cf stress by means
of the shear strength of the soil, and a resulting increase in average stress on the structure.

To find a solution to the statrV: passive arching case similar to that presented by Terzaghi for the static acti-.e
arching case, Mason (24,25) utilized identical matherfaical principles. The important difference in this concept is
shown in Figure 5, where an idealized rigid structure is embedded in a soil mass subjected to a vertical load. As the
loaded soil mass moves downward, a shearing resistance is developed between the adjacent soil moss attempting to move
post the struct.r,. .nd the soil mass included between the arbitrary vertical surfaces of sliding. The net result is a decrease
of the load on adjacent portions of the surrounding soil mass and an increase in the load on the structure. Although the
equations developed do not include inertia eoffcts, considerable experimental corroboration for the static case has been
obtained using smill structure tests (24,25). Test results indicate that the overstress for dynamic loads is even greater
than for static loads.

In summary, the average load on an underground structure subjected to nuclear blast forces can be either less or
greater than the free-field stress, depending on the properties of the soil and the structure. Under the concept of relative
compressibility between the structure and the soil it replaces, equations hve been developed that define the active and
passive arching cases for static loads. In the active arching case, the overall compressibility of the structure is con-
ceived to be greater than that of the soil, for any given stress field, and the average stress on the structure is less than
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SOIL SURFACE

RIGID
STRUCTURE

(a) BEFORE SURCHARGE

(b) AFTER SURCHARGE

Fig. 4 Displacements Within a Soil Mass With an Inclusion Lou Compressible Than the Soil

free-field stress. In the passive case, the structure is lesw compressible than the soil and, therefore, the average stress
on the structure is greater than free field. When considering full-size underground structures, it is obvious that the load
on the structure is dependent on both the structte's overall comipressibility and the flexibility of individual structural
members. For most protective structurgs, it is probable that a combination of both panive and active arching is involved;
that is, the overall compressibility of the structure could be such that there would be a greater average load on the
structure through passive arching, whereas, the flexibility of a structural member could result in a reduction or
modification of stress distribution on the structure through active arching.
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SOIL SURFACE

SURFACE OF
. /SLIDING
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_ k FOR ANALYSIS

RIGID STRUCTURE

Fig, 5 Assumed Surfaces of Sliding in a Loaded Soil Moss With a Rigid Inclusion
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STRUCTURAL DESIGN TRENDS IN BURIED FLEXIBLE CONDUITS
by

Reynold K. Watkins*

The u!- oi" ouried conduits will increase in the futire because of the increasing use of soil as a material of con-
structl-zn. rhis is due to the obvious advantages of soil in defense installations; but it is also due to improved so;1 engi-
neering and to the economy of soil structures. The cost per yard for handling soil is less than before the turn of the
century. This increased use of soil will apply not only to the r, rnber of installations but the variety of installations.

Of course soil structures require buried conduits and m.--,v new shapes and unprecedented sizes of conduits will be
called for in the future. Already there is an urgent demand fot lore accurate and more extensive design methods.
Fortunately some research data is current"v available. The object of this paper is to shorten the lag-time between current
research and its reduction to practice.

Buried conduits are defined as structures which maintain a passageway through soil. The cross-sectional shape of
the passageway may be almost anything and the passageway may be used for the transport of almost anything: electric lines,
pipelines, fluid flow, traffic, etc. Buried conduits are usually classified as either rigid or flexible. In the design of ."jid
conduits, the conduit itself is the basic structure. In Figure 1 a free- body diagram is drawn of the rigid conduit ring which
is designed to withstand soil loads. In marked contra-
distinction, a very flexibie conduit must not be con-
sidered as the basic loadl ýupporting structure. On
the contrary, ii serves as a form to retain the shape W p) - ASSUMED SOIL LOAD
of the passageway or as a reinforcement or a
boundary condition for the soil, but the soil itself p - VERTICAL SOIL
becomes the basic load carrying structure. Under PRESSURE
these circumstances, a soil displacement theory of
failure or a soil shear plane theory of failure is more
rational than maximum stress in the conduit. It may
be an enormous mathematical chore to evaluate the
equations for a soil failure or a soil-conduit system D DIANETER
failure; but as computer capability increases,
solutions by numerical methods become promising.
Even more important, the soil-conduit system con-
cept emphasizes the structural importance of the
soil rather than the conduit alone, and so approximate
design methods will become more rational.

In the spectrum of buried conduit design,
the flexible conduit will be at one end. It depends p
upon pioper design and placement of a basic soil i 0n
structure. At the other end of the spectrum will be
the rigid conduit as the basic structure. It can
support low grade, uncompacted soil as well as
good soil. Additional studies will fill in the spectrum
between. Design trends are already appearing in
codes of practice and pipe manufacturers manual
of design and installation. Fig. I Typical Soil Loading Assumptions for Buried Conduit

History of Flexible Conduit Design
Design trends spring from previous practices; so the history of buried conduit design must be reviewed. At first

most flexible conduit design was based on a change in the dian~eter of the ring. Using the ring as a free-body diagram
(Figure 2), assuming elliptical deformation, and assuming the soil load shown, M. G. Spangler (1) derived the Iowa
Formula for predicting the increuse in horizontal diameter ZX of circular conduit as a function of:

*Professor and Head, Department of Mechanical Engineering, Utah State University, Logan, Utah.
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S-.eticoi soli pre~s re at top ot cor~duAt,

D cundi doamt.-

El - cornduit wall stiffness, and
E' soil mod u,.,s.

The Iowa Formula is:

0.01 ~1÷+ 0.008 I'D

Ax
X A maximum deflection -1- was specified for design. For many installations, however, it was found that

w- was not a critical condition of failure. For example, if a very flexible ring is carefully embedded in a well-
compacted granular fill, buckling of the pipe
wall will occur before any significant change WALL STIFFNESS
in diameter. The ring compression theory was E I
recommended by Howard White (2) as an alter- I
native design under these cif-•umstances. The

ring compression theory simply requires that the PARABOLA
tangential compressive stress f c in a conduit
wall be ;ess than the allobabie wall strength
(Figure 3); i.e., f < _. h MAXIMUM

where 0 LATERAL
p = vertical soil pressure at top of conduit, PRESSURE

D = horizontal span of conduit,
A = cross-sectional area of the conduit

wall on each side, and
S = allowable stress (strength) in the E' hD

conduit wall.

This analysis is adequate provided that the fill BY DEFINITION

is so rigid that deformation of the ring is negli-
gible. (A predictable deformation may be &XD
analyzed under special circumstances.) Such a
condition is met in many compacted fill instal-
lations such as interstate highways. This Fig. 2 Loading Assumptions for Iowa Formula
condition is not met if the soil is loose, viscous
or plastic. For fluid pressure, the theory of buckling by static fluid loading is best. Ths theory depends upon the
equation

eVr= L42o
El SF E r A SF

where SF = safety fuctor,
p' = the radial fluid pressure, and

r = radius of gyration of cross-sectional area of conduit wall.

For the range of soil types between a very rigid fill and a fluid fill, u oombination of ring compression and fluid
buckling can be used (3,4). This theory is analogous to the classical theory of column design wherein the allowable

stress fc = is plotted as a function of slenderness ratioO/EXL/r) 2 as shown in Figure 4, where:

p load on column,
A = cross-sectional area,

L length of column,
r least radius of gyration of cross-sectional area, and
E = modulus of elasticity.
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In Figu:. 5 the allowabl wall stress is plotted as a function of ring flexibility for a circular conduit configuration. Note
that the ordinate fc is analogols to the column design ordinate fc and the abýcissa1/E) (D/r) is analogous to
the column design abscissa O/E) (L/r) . Moreover, for a very thick-walled conduit, as for a thick column, the allowable
design stress is fc = yield strength of material; arJ for a very flexible conduit, as for a very slender column, the allowable
stress plots as a hyperbola. This applies to static fluid fill or soil with a soil oiocdulus of E' = 0. Now if the fill is soil with
shearing strength, the allowable stress curve is raised above the static fluid hyperbola. For a rigid fill with a soil modulus
E' approoching infinity, the allowable stress approaches the ring compression buckling. Recent tests show that the strength
curves in soil approach horizontal asymptotes as conduit flexibility increases.

- - RING COMPRESSION CRUSHING -E =

40

30

E' =3 kip in- 2

z
0 20 - TT- FLUID

Eig % Ring BcinCuesfrBrdFlxBUCLeINes

(HYPERBOLA)

0 10 *E =0
U

0

CONDUIT FLEXIBILITY E (r El (1)(in kip-'

Fig. 5 Ring Buckling Curves for Buried Flexible Pipes

TRENDS IN THE STRUCTURAL DESIGN OF COMMON SOIL-CONDUIT SYSTEMS

Pipes
A pipe is a conduit with a circular crom4-

section. Failure occurs if the soil-pipe system ....

does not perform as intended; for example, the -., - -. ..

system fails if the passageway is so deformed that
it cannot perform its transport function. Also
failure occurs if the soil surrounding the pipe is
so displaced that it cZon' t perform its structural '

functions. In either event, failure may be measured •
by deformation of the pipe cross-section. Two
basic types of deformation have been observed as %

shown in Figure 6- flattening of the pipe, and
buckling of the pipe wall.

Of course buckling is affected by flat-
tening. The allowable extent of deformation is (a) RING FLATTENING (b) RING BUCKLING

left up to the design engineer with this
observation: a permanent pipe deformation does
not necessarily result in failure. It is true that
once buckling has commenced the resistance of Fig. 6 Two Types of Structural Ring Failure of
the pipe to soil pressure is greatly reduced; but Buried Flexible Pipes
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%tfUCtUre ttseli mo,/ be able lr. support li~e additone! orer-sjreS 'i`F -10 jis'ress A1*C"sOe-r, In gieerj 0,"e fn,4
must be classified as failure even though the rig Moay not colapse by snag thraougt I' is vwcr prrnbable that 'n te 'uture
methods will be ;ntroduced io purposely relieve soil pressures on the pi.,e in order to reduce chance for buclling.

If the soil cross-sectionol area decreases per unit area (comnpressibility) more than the pipe cross-sectionni areG,

the load orn the pipe will exceed p and the tangential stress in the pipe wall will exceed pDY2A. This is shown
schematically in Figure 7a. If the pipe ring is very flexible, radial soil pressure everywhere on the pioe Nill be constant
and 0", on soil stress element "0" will be greater than p. ' 3 will be less than p because the conduit is carrying so much
of the load.

(a) Loose Soil (b) Dense Soil
Noncompressible Ring Area Comoressible Ring Area

Compress... e Soil Nonco..pressible Soil

Fig. 7 Soil Stress Element at Spring Point of Flexible Bu~ied Conduit

If the value of K = •1/ ":2 is greater than (1 ÷ sin$)/(I -sin0l) (where 0 = soil friction angle) then a shear failure plane

will start in the soil at this paint.
If on the other hand the soil is less compressible than the pipe, as shown in Figure 7bo, then o" may be anything

between p and 3p and 0r may be anything between zero and p. If K = °1%is greater than (1 + sin p)/(|I-sin,0 ) for

the soil, then a shear fail[ure plane will start at that point 0. Some simple model studies have inaicated that the shear
failure plane forms as shown by dotted line in Figure 7b. This shear plane may not progress far, however, because
generally the ratio K :~~ •r/ decreases os the distance from the pipe increases. The soil below the shear plane is

confined ii a dense stale; but as shearing action progresses, the soil above the shear plane moves dlown forming a zone
of shear failure in which the soil is loosened. Of course a concentrated surface load over the pipe will aggravate the
shear plane failure.

One way to relieve stress in the pipe ring is to reduce pipe area, i.e., slottedi rivet holes in the longitudinal
seam. Butoa more practical stress releose trick may be available in the design of the soil fill. The basic concept is to
construct a well comoo~cted suit arch over the pipe as shown in Figure 8. Ideally the trench or site should be over-
excavated and a solid footing for the arch should be provided. A densely compacted or stabilized structural soil arch
should then be constructed up over the pipe but with a loose soil cushion immediately ndjr-'_ent •n the ripe t,• -,,;•l
relieve the pipe of soil pressure. This method is promising for very. large flexible concuits. Practically the cushion
might be provided by specifying that hond compaction devices be kept a minimum distance away from the pipe as shown
in Figure 9. Or even more ideally, in the future, machines may be devised which will: |) compact and form the
bedding; 2) place ['~ts of soil simultaneously on both sides of the positioned conduit while holding pipe shape; and
3) compact the soil to form a soil arch leaving a soil cushion. At present researchers ore considering the design of the
soil arch and in the near future may have a successful analytical method for determining the size and shape of the soil
arch and the amount a compaction required for a given soil type and a given conduit.

The concept of the soil arch is important in the design of multiple parallel pipes. It is imperative that
enough densely compacted soil be placed between pipes to serve as columns to support the soil arches over the pipes.
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Noncircular Conduits
One additional

concept is required for the
design of noncircular
flexible buried conduits .:
which include arches, pipe
arches, vertically elongated.'. L ARCHI.'. ...
(VE) pipes, horizontally
elongated (HE) pipes, etc. COMPACTED 0 STABILIZED) " ..
In most conduit installations, ..- :i•:"i€ . ..
shearing stresses between the "
soil and conduit surface may
be ignored. The coefficient ..-.. ...

of friction is generally low,
and dynamic loads, especially L.XIB PIPE
vibrations, tend to relieve "'W'"._...."
any shearing stresses that .
might develop. If no " E.SOIL C "" •
shearing stresses are involved, . ".L E
the stresses between the soil. "CU.H.ON HI4:."...''.

and the conduit are normal
and the tangential corn- .�.... :. :
pressive force C in the con-
duit wall is constant around S F T
the entire conduit ' SOLID FOOTING
(Figure 10) and is equal to:
C = p'R where p' = radial
soil pressure at any point Fig. 8 Concept of Compacted Soil Arch with Cushion to Relieve
and R = radius of curvature Stress in Buried Flexible Pipe (Note Loose Soil Cushion)
at the same point.

On a noncircular
cross section, if R increases,
p' decreases and vice versa.
As far as the conduit is concerned, MINIMUM SPACE SPECIFIED
design is simply (ONE COMPACTOR WIDTH?)
f = C/A < allowable stress.

NMUPACTOR

0 SIL :•".4

S~CUSHION

*..0.

Fig. 9 Method Of Compaction by Which Conduit Shape is Maintained
and Ring Compression Load is Reduced by Loose Soil Cushion
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TRENDS I1N! THL STitICTURAL DE•SIGN OF SPECIAL SOIL-CONDUIT SYSTEMS

Monsymmetrical Loads
There are many occasions where a nonsymnetrical load is applied to a so.l-conduit system. One typical example

is indicated in Figure 11. Tests have been
conducted on nonsymmetrical loading for
relatively rig!d pipes; but very little work has
been dorn4 on flexible conduits and non- p C
circular conduits. An approximate solution C
for the special case of a uniformly distributed
static load over one-half of the conduit width
(Figure 11), has been used successfully. ",
Failure is here defined as complete collapse C
or snap-through of the top half of the conduit.
The analysis is based on a sliding wedge theory . .. -- R
of failure with a conduit so flexible that the -- 2 p z

radial soil pressures are constant about the
entire conduit ring. Shearing stresses
against the conduit are ignored. The worst
shear failure plane angle 0 can be found by
iteration. The curves shown in Figure 12
give the minimum height of soil cover mR
required to resist a collapse failure due to
the uniformly distributed load q acting at
the soil surface over one-half the pipe p 1 RI= p 2 R? C
diameter. This analysis is particularly
important in the placement of very large,
flexible pipes to ascertain the mimimum Fig. 10 Radial Pressure p' for Flexible Conduit if Shearing
height of cover required before earth moving Pressures ore Neglected (Force C is constant)
equipment compactors etc. can LOAD q D/2
operate over the pipe. This
particular loadingj condition is not SURFACE
greatly different from the worst PRESSURE
possible loading condition. 77U77

A similar analysis has been WEDGE2
applied to a vertically elongated " MOVES UP
(VE) pipe. The minimum computed WEDGE I• .":.'"
soil cover is shown in the plot of pR R MOVES
Figure 13. Proportional values 1 1 Z 2 *DOWN-
may be used for other q-loading AT INCIPIENT
values as determined from FAILURE . ,-',.
Fioure 12. R R

Slabs Over Buried Flexible
Conduits pi P2

O times it is necessary to
operate equipment over the top of Pi P2
a buried flexible conduit with in-
adequate soil cover. Under such
circumstances, a slab may be
needed as shown in Figure 14a.
In designing the slab, it should be
recognized that if the soil is
densely compacted, the center of
the slab will have the greatest
tendency to settle; and so a
reasonably conservctive reaction D : ZR
diagram for a concentrated load Fig. I 1 Sliding Wedge Theory of Failure of Buried Flexible Conduit Due

to Surface Pressure q Above Half of Pipe
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in the center of the slab might be that
shown in Figure l,4b wth a maximum q
moment of M =4 pD. is problem 0

needs additional attention because in U
many installations economy justifies a .:."."- ~LIDING n
stif slab directly over the conduit rather 0 ., WEDGE E
than a Mgher fill or a stronger conduit. ": -:' , F
The slab should extend for enough beyond 0 R
the conduit width to prevent the sliding F 10 _R 1 ft
wede failure indicated in Figure 11 . An
extension of D/4 is adequate if the fill is
good.

Coe. .e o1 P.p 6 ! ,,, -IR 5 f t

For re3sons o economy, more and ; - ] -- -

more soil is being loaded from beneath Z 4 | - - - - -

conical stockpiles by dropping it through : 010 0 0

gates in conduits placed under the piles - 2 - - -W-

as shown in Figure 15a. The only new me
problem in this case is the determination C4 1 ,] - I - ---

of vertical soil pressures at the bottom of 500 1000 1500 2000
the conical pile of soil. Of course
settlement of the supporting base would
make some difference in the soil pressure q (psf) SURCHARGE LOAD DISTRIBUTED

diagram, however, the maximum pressure OVER HALF WIDTH
would occur if 'he base were assumed to
be rigid with no differential settlement. ASSUMPTIONS
Under this assumption, calculations show = 110 P.C.F. = UNIT WEIGHT OF SOIL
the pressure distribution diagram pressure -0 = 350 = SOIL FRICTION ANGLE
equal to approximately two-thirds of the C = 0 = SOIL COHESION
pressure which would be calculated using El = 0 = PIPE WALL STIFFNESS
the height of the cone times the unit CIRCULAR PIPE CROSS SECTION
weight of the soil.

Miscellaneous Considerations Fig. 12 Minimum Height of Soil Cover Required to Resist Failure
Very little has been done yet in of Buried Flexible Conduit with a Surface Pressure Over

the analysis of flexible conduits beneath Half of the Pipe
the water table. There should be a
distinction between drainage conduits and water tight conduits in such cases. The water not only develops hydrostatic
pressure, with increased possibility of conduit buckling, but it also decreases the shearing strength of the surrounding

soil by decreasing the intergranular pressure.
Analysis of cohesive soil fill is in demand. On numerous jobs the soil contains enough binder to develop

cohesion which in turn may materially alter the performance of the soil-conduit system. In fact, future design might we0l

take into account the possibility of stabilizing a soil arch over the conduit, to increase cohesion.
No theory as yet takes into account the difference in soil depth between the crown of the pipe and the spring line.

Present theories are based on o soil pressure at the level of the top of the pipe. These assumptions are adequate for

installations in which the height of soil cover over the pipe is large in comparison to the difference In elevation between

the crown and the spring lines; but in the design of very large flexible buried conduits this assumption 's not realistic.
There are but a few of the structural design trends in buried flexible conduits. Many others will be forthcoming.

The need is urgent.
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U 10
£14

0.5 1.0R

RATIO r

AS SUM PT IONS

110 P.C. F. =UNIT WEIGHT OF SOIL
30 SOLFITO AN E

C = 0 = SOIL COHESION
El = 0 zCONDUIT WALL STIFFNESS

a 400 P'.C.F. OVER HALF CONDUIT WIDTH
Mr 0.5

Fig. 13 Minimum Height of Soil Cover Required to Resist Failure of
Buried Flexible Pipe with Two Different Ring Radii

'4 4 DD~

MOMENT AT CENTER

D D D M 3PI)
4i q i

Fig. 14a Slob Ovr, Baried Fig. l~b Assumed Parabolic Loading
Flexible P~p on Slab
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3 .
,. .:,.. • U NI

Fig. iSa Conical Pile of Soil Over Buried Fig. 15b Soil Pressure Diagram Along Conduit

Flexible Conduit Assuming No Support Settlement
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A STUDY OF LOADS ON UNDERGROUND STRUCTURES
by

D. A. Van Horn"

ABSTRACT

In this paper un unalyticol method is presented for determining the loads on undergroun,- structures induced by time-
dependent air overpre.s,.res of the type resulting from nuclear blasts. The first port is devoted to the development of an
analytical method for evaluating the loads produced by static overpressures, and is based on principles set forth as a result of
theoretical and experimental work conducted by Marston, Spongier, and associates, (1,2,4,5) at Iowa State University during
the period 1908-1952. In this method, the major importance of the method of installation of the structure and the fill material
is emphasized, and the effects of the various factors related to construction procedure are taken into account in the develop-
ment. In the second part, the analysis is extended to include the effects of time-dependent overpressures. The method pre-
sented is based an a procedure published in 1960 (3) by engineers at the Illinois Institute of Technology Research Institute,
and reflects the principles set forth in the theory of static loads.

STATIC OVERPRESSURES

Introduction
*i'n the subject of static loads, the most extensive analytical and experimental work has been directed toward the

determination of lc.ads on underground conduits. Much of the eariy work can be attributed to the late Dean Anson Marston
and his associates at Iowa State University. Professor M. G. Spongier, a student and lung-time friend of Dean Marstorn, was
responsihle for perpetuating the work and has done much writing on the subject The theories developed by Marston and
Spangler form the core of currently accepted design practice for underground condu'ts. The following analysis of the effects
of static loads is based on an extension of these theories to include the effect of - sratic uniform overpressure and the possible
effect of cohesion.

In a consideration of loads on an underground structure, it would aprear that the foad due to the soil overburden
would be equal to the weight of the soil prism directly above the structure (Figure I). However, research and study have
shown thot -he actual resultant load may be either greater or less than the actual weight of the soil prism. It has been found
that the rnagnitude of the load is a function of both the weight of the prism r'nd the sriearing forces which are developed on
the vertical faces of the prism. That is, for a given structure buried at a given depth, the weight of the prism depends only
on the unit weiaht of the soil. However, the magnitude and direction of me shearing forces depend on several factors. These
factors can be divided into two categories:

I. Soil Properties. Several soil prooerties h'.ve Feen foun,'1 to cffect the development of the shearing forces:
a. Unit weight---directly affects the vertical pressure on any horizontal plane in the soil mass.
b K, the ratio of active lateral ur.it prt.ssure to vertical unit pressure at a point in the soil moss---an index
of the ability of a soil to develop horizo,,tal press5're an-A likewise an index of the ability to develop normal
forces on the vertical faces of the soil prism.
c. Cohesion and Angle of Iite, no; F, iction --- factors which reflect the magnitude of the maximum shearing
forces which con be developed on failure paon..s :n the soil mass.
d. Stress-strain characteristics of the soil---which are important in the consideration of settlements.

2. Settlement Factors. Relative settlements of the soil prism and the soil adjacent to the prism have been found
to affect not only the magnitude arid direction of the shearing forces, but also the extent of the vertical surfaces of the prism
over which the shearing forces act. Several fuctors ;ffecr the relative settlements:

a. Settlement of the natural ground surface adjacent to the structure.
b. Settlement of the soil directly beneath the structure.
c. Vertical deflection of the 'op •.rfa•.e if tht. st~ucture with respect to the base.
d. Compression of the soil prism directly above the ,trurture.
e. Comnpressiun of the so*l adjacent tj the soil prism.

in the developments which follow, the relative :,nportance of the various factors are shown.

*Formerly Associate Professor of Civil Engineering, Iowa State University; currently Research Associate P'rofessor )f civil

Engineering, Lehigh University, Bethlehem, Pennsylvania.
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Classification of Underground Structures
In thp d'evelopmeto the/ Woston Theory underground conduits are divided into three main classes (Figure 2) on

the basis of the construction conditions of installation. The classes ale.
1. Ditch Conduits --- which are structures installed end completely buried in narrow ditches excavated in undis-
turbed or relatively passive soil,
2. Positive Proje-cting Conduits--which ore structures installed in shallow bedding with the top projecting above
the surface of the natural ground, and then covered with a soil backfill, and
3. Negative Projecting Conduits --- which are structures installed in shallow ditches -.vith the top below the
adjacent natural ground surface, and then covered with asoil backfill. Expressions are developed for evaluating
loads on structures in each of the three classes.

Structures in Ditch-Type Excavations
Fon structure installed in a shaft-like excuvation having horizontal dimensions which do not exceed two to three

times the horizontal dimensions of the structure, the prism of backfill soil normally tends to settle downward. As a result of
the relative movement between the soil prism and the adjacent soil, upward shearing forces on the vertical surfnces of the
prism are generated (Figure 3). From a consideration of a free-body diaglam of an element of the soil prism (Figure 3), the
summation of vertical forc tn n nust be equal to zero s

P + W - (P+dP) -2V B -2V D ý0()
where f t - wn d ,D d h (2)
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If the soil is considered to Ahibit the theory of fail,.re proposed by Coulomb,

V D : (c + Kptano) Dddh (3)

and V B = (c + Kptano) Bddh (4)

where P

Equation (1) then > 'elds dP = w8dDddh - 2(c + K T a +B.dh (6)

D B d d d

If Ld = dd
dd 2 c 2Ktan4

then Equation (6) c~n be reduced to dp = dh (w- - 7 p) (8)
d d

The boundary conditions are

p = pu when h 0 and P PH when h H

and the solution for the equation is PHH (-2Ktano Td (-2Kton'2 P
c 1) ) e (e W) dJ (9)

dand H
Figures 4, 5, and 6 in a series illustrate the relationship between PH/wLd L H/L.. for several different values

of Pu/wLd. In Figure 4 soils having c = 0 and 0 = 100, 250, and 350 respectively, are represented. In this figure p- = 0
and a typical behavior is represented. That is, as the value of H/Ld is increased, each of the curves converges upon a
particular value of PH/wLd. A comparison of the three curves shows the effect of 4, the angle of internal friction. As the
value of + is increased, the curve converges on a lower value of PH/wL and the convergence occurs more readily. The
effect of cohesion can be seen in Figure 5. The three soils represented have a 4 = 100, and values of 2c/wLd equal to 0,
0.8, and 1.2, respectively. Again, for p = 0, it is clearly illustrated that as the value of 2c/wLd is increased, the curve
converges on a lower value of H/wLd. u In fact, for 2c/wLd = 1.2, the curie converges on a negative value of PH/wLd'
The negative value illustrates the impossible occurrence of a resultant upward pressure on the top of the structure. The
cohesion represented by 2 c/wLd = 1.2 would be 600 psi if w = 100 pcf and Ld = 10 feet. Figure 6 illustrates that for a given
soil all of the curves, each representing a different value of Pu/'wL , converge on the same value of PH/wLd.

On the basis of studies by Marstcn (2), it was suggested Ciat cohesion be neglected because:
I. Considerable ti,,,e mu~t elapse after the backfill soil has been placed, before effective cohesion can be
developed between the backfill soil and the adjacent soil, and
2. Rainfall or some other action may occur which would either eliminate or greatly reduce any cohesion that
might have developed. Therefore, until it can be shown that the effect of cohesion is significant, the value of
2c/wL should probably be considered equal to zero in all calculations.
From Edquation (9), or from Figures 4, 5, and 6, values of p H can be obtained. However, p H is the theoretical

pressure on the bottom surface of the soil prism. In determining the pressure transmitted to the top surface of the structure,
consideration must be given to the relative stiffnesses of the backfill soil adjacent to the sides of the structure, and of the
structure itself. If the structure is very flexible, that is, sufficiently flexible that the stiffness of the structure and the
adjacent soil are about the same, then p can be considered equal to p.. On the other hand, if the structure is rgid, the
entire load on the base of the soil prism should be considered as transmqIted to the structuro.. Hence, the value of p c-an be
determined from Dd Bd

Ps = PH ( d-- ) (10)
s s

Even though it would probably be impractical to construct a structure at the bottom of a deep, shaft-like excavation,
particularly when it is desirable to keep the horizontal dimensions of the shaft at a minimum, the development of the expression
for the ditch condition forms a basis for further conc=t;s und developments.

To illustrate the theory and use of the graphs, L.onsider a structure having length width = depth = 10 ft, buried
in a ditch-type excavation at a depth H = 30 ft. The properties of the soil are 4 = 250, K 0.6, and w = 100 pcf. For no
overpressure, p. = 0.

Case I: Ditch dimensions - 20 ft x 20 ft.

= (20)(20) = 10 ft H 30

d
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Natural ground Top of embankment
surfac ______

Natural
groundO surface

Natural ground surface

Ditch conduit Positive projecting conduit Negative projecting
conduit

Fig. 2 Three Main Classes of Conduits
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1 4 PU

Natural ground
surface

h
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FrEbd iga fbcfl lement o
fill

Fig. 3 Structur Buie In aIic-yoEcvt
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From Figure 4,
PH 

1
-1.44

d
Then p = 1.44 wLd = 1440 psf. If the stiffness of the structure and the soil adjacent to the structure are the some, then ps=

1440 psY. However, if the structure is stiffer than the adjacent soil, then from Equation (10),

p = 1440 [(20)(20 5760 psf

A comparison of the two values of p ,.-ly illustrates the great importance of thorough compaction of the soil adjacent to
the structure. 25 -

2Ktan• 0.577 0.246
v0.840

20

15

H
LD

I0-

H
5 D. -

K 2Kton#
H Clay 10 0.7 0.246
L Sandy loom 25 0.6 0.577

Sand 35 0.6 0.840

010 2 PH 3 4 5

wLD
Fig. 4 Effect of Soil Type on Relationship &it0ween p., wLd and H'Ld

Case 2: To visualize the effect of the size of the excavation, suppose the limensions of the ditch were reduced to 12 ft x

L (12)(12) - 6 ft H 30 5d 17 *T1 T_ Td
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25 -- 25 -

20 - 20 - - 0.7

15 l15

H H .
L0  ~ L

gOL Do-

lo-~~ 10 2. 0

L-O WL 0

Cloy
# lcf K- 0.7

7.6:

__J 0 1 1 1 '1
0 I 2 3 4 5 0 2 4 6 a

wLD wLD

Fig. 5 Effect of Cohesion on Relationship Fig. 6 Effect of Overpressure on Relationship
Between pH/wLd and i-/L Between p,/1 WL d and H/Ld

From Figure 4, pWwLd = 1.63. Then PH = (1.63)(100)(6) = 973 ,sf, which would be the value of p, for essentially equal
stiffnesses of soil and structure. If the structure ik more rigid than the adjacent soil, then again from Equation (10)

s 9 ('0 )('2 = 1402 psf

Thus, a second important feature has been demonstrated--the substantial reduction in load on the structure achieved by
reducing the dimensions of the excavation.

To demonstrate the effect of a uniform overpressure, consider the some structure and burial depth as in the previous
cases, but soil properties of a = I10, K - 0.7, and w = 100 pcf. Consider on overpressure of 12,000 PIf.

Case 3: D d = B fd :20 ft
Pu 12 " 000 =1)

wL"-'d L 12 Ld

From Figure 6

PH
- 7.6 Then p. = 76001pf
wLd

Case 4 Dd = B d 12ft

Pu 12.000 H20
:Ld O)(6 2 Ld

Again from Figure 6
.-- •8.7 Then P 20t

wj.d
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PROJECTING STRUCTURES

Positive Projecting Structures
When a structure is constructed with the top projecting above the natural ground surface and then covered with a

soil fill, several new factors are introduced into the determination of loads on the structure. Most of these factors are cen-
tered around the relative settlements of the prism of soil directly above the structure and the soil adjacent to the prism. In
the ditch-type excoaitlon the soil adjacent to the prism is relatively compact compared with the backfill soil, and the devel-
opment of upward shearing forces on the prism is assured. In contrast, for projecting structures the adjacent soil is also fill
material, and a consideration of the relative settlements is necessary to determine the magnitude and direction of the shearing
forces.

Two horizontal planes are important in further discussion. The first is the critical plane, a horizontal plane passing
through the top surface of the structure when the level of the fill is at that surface. ThTisplane changes shape during and after
the placement of the remainder of the fill. The second is the plane of equal settlement, the horizontal plane above which the
settlements of the soil prism and the adjacent soil are equal.

A projecting structure is in one of three classes according to the relative settlements of the soil prism and the
adjacent soil (Figure 7)

I. Projection Condition---the settlement of the top of the structure is less than the settlement of the critical
plane (Figure 7a), resulting in downward shearing forces on the soil prism. Therefore, the pressure on the top
surface of the structure would be greater than the weight of the soil prism.
2. Transition Case---the settlements of the top of the structure and the critical plane are equal (Figure 7b).
In this case, no shearing forces are developed, and the pressure on the top surface of the structure would be equal
to the weight of the prism.
3. Ditch Condition---the settlement of the top of the structure is greater than the settlement of the critical plane
(Figure 7c), resulting in upward shearing forces which reduce the pressure on the top surface of the structure to a
value less than the weight of the prism.
The possible plane of equal settlement makes it necessary to sub-divide the projection and ditch conditions. If

there is no plane of equal settlement, then the shearing forces extend to the top of the embankment and the condition is
called either the Complete Projection Condition or the Complete Ditch Condition. If there definitely is a plane oF equal
settlement between the top of the structure and the top of the fill, the shearing forces extend only to the plane of equal
settlement, and the condition is called either the Incomplete Projection Condition or the Incomplete Ditch Condition. At
this paint the particular factors which have an effect on the direction of the shearing forces will be related (Figure 8).

s = settlement of the natural ground surface adjacent to the structure
sg = deformation of the fill material adjacent to the structure
mm = settlement of the base of the structure

= deflection of the top of the structure with respect to the base
The settlement ratio, r is defined by the relationshi 0Te sd,(em + Sg)-( 5 f+ s) (11)rsd=

m
It can be seen (Figure 8) that for a positive value of r sd the load on the structure is greater than the weight of the soil
prism. The load is less for a negative value.

For the Projection Conditions (r d positive) consider a free-body diagram of an element of the soil prism (Figure
8). The summation of vertical forces must equal zero.

P + W- (P + dP) + 2VB+ 2VD = 0 (12)

where W = wB D dh (13)

"Vd = (c + Kptan4) Dsdh (14)

"VB = (c + Kptan4) Bsdh (15)
P

and P : -- (16)
SI P

Then Equation (12) yields dP = wBs D dh + 2 (c + K-- tar+) (Ds + B) dh (17)
DB ss

If L = ss (18)

s I 2c 2Ktan4
then dp dh (w+ -7 + -[-- p) (19)

s S

262



STATE OF THE ART

~~~Top of embankment

CricI pf or I Crti

Natural ground
surface

c) incomplete projection condition b) Transition case c) incomplete ditch condition
Positive settlement ratio Zero settlement ratio Negative settlement ratio
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For the Complete Projection Condition, the boundary conditions would be

p p pu when h = 0 and P = PH when h H

and the solution of the equation is H

(+2to 
+1 (+2Kt2

PH 2c IKan - ( u (20)

For the Incomplete Projection Condition, the boundary conditions would be
P=w(H-H)+u pwhen h = 0 and p PH when h H

and the solution is

(41(" (+2K(tant HH
PH 2c e s e U (21)
w"Z"= (•" l)Lo ÷k "- + )

S S I
Now, an expression must be developed for the determination of He. From the definition of the plane of equal settlement,
the settlement of the prism of soil extending from the top of the structure to the plane is equal to the settlement of the
adjacent soil. To express this condition in equation form, two new quantities are defined:

= compression of the soil prism between the top of the structure and the plane of equal settlement, due
to the height of fill H, and the overpressure pu.
compression of the adjacent soil between the top of thestructure and the plane of iqual settlement,
due to the height of fill H, and the overpressure pu.

Then

A +sm +s = +sf+ds (22)

and since

(s m + sg) - (sf + ds)

sds
m

then

). + rrd sm (23)

In the derivation of an expression for A, consider the element of the soil prism (Figure 8). d A = 2 dh
where E = modulus of compression of the fill material, and p is given by the equation E

(÷2Ktant •) (+2Ktan ) h_p 2c÷i 0, eH pu
(- -Qc + 1) e( -I +0 L C .-T) (24)

wLs 2Kto s s

then H

0
H

(a2Ktonf -)

E IL ÷ Rt( )÷ "+ ÷• u- Ztant

"L2 H 2cH
S e) C(5S-- L (w +1(-) (25)

Similarly, in the development of an expression for •', an element of the adjacent effective soil Is considered (Figure 8).

dX' - d
E d

where p' is the average unit pressure at the level h in the adjacent effective soil (Figure 9), and is expressed as p .
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The term adjacent effective soil refers to the mass of sou which surrounds the ýo;i prism and is considere.d to be affected by

the behavio-_-ooefýe0soil prism. At this point, an assumption must be made in defining ci finite mass of adjacent efi#'-'Ve

soil In the earlier work considering underground conduits, the lencth of the structure was large compared wl- rthat of the

width, and a two-dimens -",rat case was used in ariving at an expression for loard per unit length. For tc iwo-din'ensionc!

case, the moss of the ac acent effective soil was considered to be comooed of a mass on each side of the soil prism. Caual

in size to the moss of the rQin (Figure 10) For t+ three-dimensIonoI case, the moss of adjocent effective soil I. jefined

as the mass outlined in Figure 10 Then, in Equation (26), P' represents the total pressure on the adjacent effective so;! :it

level h, and A the total area of the adjacent effective so;I

To evaluate ?0 , an expression tor r" must be developed From a free-body diagram of the odazatnt soil (Figure

9), it con be seen that uA F (27)

where W2 - wAO-H-H e) (2 6)

and F = summation of all vertical shearing forces acting on the soil prism From the free-body diagam of the soil prism

F P-Wj - puDsBs (29)

where WI :wD B (h.H-H ) (30)

and P = pp B DB B (31
Then , 08 sss

Thn..- w (I - (h-H-He .o(t .T1 - p s s (32)

where p is given by Equation (24).

FH f H e wL2 D B H 2 H p H;N d- d A ' s s ( e
At- - ( ) "-- ( "-1- T--

s 5

02 (.2K(tan4 r )wi S 2c e s

wL2 D 2c H• .. s S • 2 c" -F )

H

wL2 D 
t 

H p 2K -I

T" ~T -,w" 7 ' [-'.[ Ktor4t 03)
*1 D' H

In the clerivations of expressions for a gnd A' , two basic assumptions were modi The #;,s? assumption is that iottlement

of the $oi l pris'm, which is caused by the effects, of the over'.Cslure. by the weight of the tod, and by tht sheoring sort .

is substontially the some as would result from a un-iomrn Vertical pressure The seco-id ;s that !he settlement of tI, a•r•.c.nt

soil is, likewise, substontiolly the some as that - ;ch would be crused by c uniform prnssure
An eipietsioln is now i.rived for s . ".e compr•ssion of the effective soil adlocent to the ittucti.re (Figure ,3

The o$sumnption ii mode that the vertical pressure it constant th1roV~out the depth r L . and is equal to pH Equaion (31'2

The vri;d;,y 3f the oaumpt;ion depend:i moiri, upon the vot:o of H to r P ---Lhe greater the rutbo. tiCt moir iccu'ate the

assumption The epression wo" ould be

pp T k H D B

Svbs0'tituti the exress os for ?s ;mo into E[uotaon ('23Y. ord letting 3 the foll(•;ng ,pres.son

is obtained
H

( hH p 2L S•-

7K , 4 r " - -T " ', ' ;.T 0,,(o,
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H
(-2Ktan e) 2

+ r( -) s t- e F H 2 H
+ ( "s i-H e Pu e H. e•..

S S 3 5 $ S

s 2c

H u e p2 c I) H H Pu
" ".' - - 'Ktan -- - rsd p 0 (35)

Ss 5 5 S

For rTue Ditch Conditions (r negpive) the development of expressions for determining H .'L and P,.iwLS. -- d .e .•,e s
paral!els the prevts arnn -of ýquations (20), (21), and (35). The only difference between tWe t nc, ecruotions for the
ditch and Proiection condi;1ons would be in signs of several of the terms. Therefore, the following general expressions can
be written which covra bc!h cl-h and Projection conditions: For the complete conditions

(*2Ktano -H3H

P2c s L e (36)
q ... .- ' 7 

"Ktone

For 'he ýncornplete czonda' -is

(-~2KtaniýH e
7t ) (+2K taný H H (Pu_e I ) e (37)w-' ( w--L- ÷ I) 2Kton¢ •

a( 2c-- ]_1) H p 2c , ..

SH e u e)J2Kon2K(tan4 -r- --- [- + w--W- -l rrp (w-C[ I 2Kan

H
(+2K tan e H P H 2 H

rJdr p H e e u I e H esdT T-- -, _ (k--F- -E (T-
S S S s

H p 2e s( - LH
--•to•r r ( P u 0 (38)

s ~ ~ a4 1 sdlo L W['
5 S 5

In the three equce-i'-'s, several of the quantities have two signs. The upper signs ore valid for the projection conditions,
the lower signs for the ditch conditions. D B

The quantity 0 , which is the ratio ý-. , falls within a relatively narrow range (Figure 10). It is seen that for
a structure with a large 3 D ratio, 03 % 1/2. At the other extreme, for a square structure a 2z 1/6. Therefore,

,4 was taken at the intermediate value of 1/3 for all computations.

Now let us ex-:mi:ý, a p-)'em from the given conditions. Firsi of all, the sign of the settlement ratio would
enable classification as either the projection condition (positive) or the ditch condition (negative). The next step is to
utilize Equation (38) to determine He. If H is found to be greater than H, then the complete condition exists, and
Equation (36) is used to determine thu pressure pH on the stru,;ture. If H is less than H, then the condition is incomplete

ond Equation (37) is used
It is impossible to solve Equation (38) directly for H . therefore, for a given case, the value of H /L would be

determined b, trial and error, cnd depending on the size of 14 as compared to H, the pressure o. p H would 6e determined
rano ,irher Equation (36) ci (37). To greatly facilitate the solution of Equations (38), and (137), graphs may be prepared

which- enable the direct determination of PH/wLs (Figures II, 12).
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Neg-itive ProjectingStructures pu N
f The next step'i-Ee- development of a load theory 1  L 1 ..

for underground stuctures was a refinement of the construc-

tion procedure w6*ch combined the advantages of load re.- Pn o HHe
duction of the dich-fyoe installation with the constiuctior I etlmn
ease c the positive project;ng structures. In this construc- -i. .. I Z 4
tion procedure an irea having dimensions ligqhtly larger than F
the horizontal dimensions of the structure is excavated such

that the top of the structure !s below the not'vrol ground sur- I
face (Figure 2). After the structure has been placed or con- h V h
structed in the excavation, the fill is built up to a level W. F'
s-)mewhat above the original ground surface. The use of this I
method of construction normally reslts ii a looc which is Adjacent effective Soil prism
less than the weight of the soil pirsm above thc "'ructure, plus A c Ii

the overpressure o . The mr•ior reason for (he reduction in Sol,

load is that the soil prism can settle more than the adiacent

effecrive soil. Since the height of the prism is greater, the
settlemernt will be greater, and the vertical shearing forces
on t+e suifcces of the soil prism will be directed upward, re- P':p'A P-pDsB$

ducing 'he load on the structure (Figure 13). As in the dis-
cussion of poýitive projecting structures, Ywo horizontal Fig. 9 Compressive Forces in the Soil Frism
planes need to be defined. The first is the critical plane, and in theAdjacent Effective Soil

vrnich, •or negative projecting structures, is the horizoýntl
plane ;n 1he embankment material which is originally level
with the noiral g'ound surface before settlements occur Ds Ds Da
(Figure 14). T'-? second is the plane of equal settlement.
This is the horizontal plane above which .-•e settlements of ]
the soil prism and the adjacent soil are equal. For negative

projecting structures, there are two cases to consider, the

Complete Ditch Condition and the Incomplete Ditch Condi- B,
tion. If there is no plane of equal settlement, tFe searing
oTrces extend to the top of the embankment, and the cocndi-

tion is called the Complete Ditch Condition. !" there isa
plane of equol se. Tement, the shearing forces exte.id only to L -sme f
the plane, and the condition is called the Incomplete Ditch

Condition. The factors which have an effect on the possible 2- Dimensional case
existence and location of a plane of equal settlrment must be
related (Figure 14).

s settlement of the natural ground surface. I
g compre.:,ion of ,he material in the soil Adjacent effective
d prism between the top of the structure DS soil

and the natural ground surface.
s settlement of the base of the structure. I

I •deflection of the top of the structure with
s respect to the base. Soil

For negative projecting structures, the settlement ratio, r.sd, prism

is defined by the relationship

(Sd f5 (39)
sd " d D S

It can be seen (Figure 14) that for a negative projecting
structure, the value of r will always be negative.

Consider a freeS-oody diagrarn of an element of the
soil prism in developing an expression for load on the struc-
ture. Since the shearing forces are directed upward, the free-
body diagram would be the same as thut for an element of the

soil prism above a structure buried in a ditch-type excavation
(Figure 3). The differential equation will have the scme form Fig. 10 Area of Adjacent Effective Soil
as Equation (19)
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dp = dh (w - 2 - Ld p) (40)
wLd Ld

For the Complete Ditch Condition the boundary conditions would be

p = pu when h = 0 and P = PH when h = H

and the solution for the equation is

(-2Ktan+ _H) ))
L (-2Ktdnd1w-d:PH 2c e 2Kan _" I L d PU"

For the Incomplete Ditch Condition, the boundary conditions would be

p = w(H-He)+ Pu when h = 0 and P PH when h He

and the solution is
H H

P(-2Ktanf L .e) H-Ktn

PH 2c e d_ + L d Hd He Pu
e=- 2Ktan - +e d -Ld _ -He (42)

wL dtot d d d

As in the previous developments, an expression must be developed for He. It can be seen (Figure 14) that the settlement of
the prism of soil above the structure and the settlement of the adjacent soil must be equal at the plane of equal settlement.
In equation form

A+5d +Sd+f +d : IA'+s (43'
5 9

where: A = compression of the soil prism between the top of the structure and the plane of equal
settlement, due to the height of fill H, and the overpressure Pu"

A' :compression of the adjacent soil between the natural ground surface and the plane of
equal settlement, due to the height of fill H, and the overpressure Pu.

Since r g - (sd + 5f + ds)

sdd
then A = r' +rsdd (44)

In developing an expression for A , consider the element of the soil prism (Figure 14) d : E dh
where E, as before, is the modulus of compression of the fill material, and p is given by the equation E

(-2Ktan+ L.h ) -2K ..hh )

,2c el d_ t I'd H e u (5
wL d d 2Ktan ( L dKta

then H'

e, dX

0 H'

(2 2c [(-2Ktan )[ L 2 )1

- .(~l ux-lI d O dt--!+- - -)- -nE I 2Ktan L d L[ d fU' 2Kt"t4 (46)

It should be noticed that two new terms H' and He were introduced in Equation (46). From Figure 14, it can be seen that

the two quantities are represented by

H' = H - r'Ld (47)

and
H' He - r'Ld (48)
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Next, an expression for A ' must be developed. Consider on element of the adjacent effective soil (Figure 14)
Ip.

d A' - L dh = -dhE AE
where P' is the total pressure at the level h and A is the total area of the adjacent effective soil (Figure 9). For the negative
projecting structure, the direction of the shearing forces between the soil prism and the adjacent effective soil would be
reversea, and the dimensions of the soil prism would be those of the excavation, Bd and Dd. From the free-body diagrams it
can be seen that P' = (A+DdBd) [w(h+H-He)+Pu]-P (49)
Then

pA = w(I + Dd) (h + H - He) + PuA( + ?-4A!) p(D ) (50)

where p is given by Equation (45).

Finally, He

A' = fdA'

0
DL2  2 H) uD B)

Dd)d e) H H' H
- .l+ d d d s]- (v)(51)

As before, in the derivations of expressions for A and A, the assumptions are made that the settlements of the soil prism and
the adjacent effective soil are substantially the same as would result from a uniform pressure.

In deriving an expression for Sd, the assumption is made that the verticcl pressure is constant throughout the depth
rý Ld, and is equal to PH, given by Equatio' (45). The expression for sd would then be

5d (r' Ld) () (52)
d h = H'

Substitution of these expressions for A , A', and sd into Equation (44), and letting j -Ddd• the following expression is
obtained: A

H'2c (-2Ktan+ wm.9)

"2Ktant L L wL (sdp P) 2Ktani
2d d Ld (~d-'( I

H' H ' H'

((2Kan tH _ H' Lr d- e Pu I 2 H 'sdp + ILd - Ld' d 2  L d Ed d

H' p (ýL) H'
"( ' )) 2Ktan, d 0 (53)

Consideration of a particular problem parullels that of a problem involving a positive projecting structure.
Equation. (53), (47), and (48) are used to determine He. If He is found to be greater than H, then the complete condition
exists and PH is determined by Equation (41). If He is less than H, then the condition is incompl'te and Equation (42) is
used. As in the case of positive projecting structures, the use of graphs will greatly facilitate the solution of Equations (53),
(41), and (42). Sample graphs (Figures 15, 16) enable the direct determination of PH' wLd"

The use of the negative projection condition in construction ass.ires a reduction in load on the structure, but con-
struction of the structure in the small confines of the excavation may be difficult. To permit ease of construction of the
structure and, at the same time, to retain the load reduction advantage of the negative projecting condition, another method
of fill construction has been suggested. It has been termed the ]Mrftt Dith Mtl of construction. The procedure is to
construct the structure at the natural ground level. The fill, bvilt up to o level above the top of the structure, is thoroughly
compacted. A part of the completed fill, equal in area and shpe to the soil prism, is then excavated and replaced with
loose soil or any other highly compressive material. The entire fill is then built up to a higher level, and again, a port of
this layer of fill directly above the structure, is removed and replaced with loose material. The fill is built up to the desired
height in several layers, and each time a port of the soil above the structure is removed and replaced with loose material
(Figure 17). The settlement of the soil prism in a fill constructed in this manner will be greater than that of the adjacent
soil. As a result the shearing forces on the walls of the prism will be directed upward, thereby reducing the load on the
structurt. The main advantage of the method is the ease of construction of the structure; but the main disodvaotage would
be in the additional height of fill required to provide the desired protection.
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SUMMARY

It has been shown that loads on underground structures may be materially different from the sum of the weight
of the ioil prism and the full effect of a uniform static overpressure. It is believed that the theories presented provide a
sound approa ch to the determination of loads on structures installed by several different construction procedures. Of the
several variables which influence the size of the loads, much information is available on the properties of the soils (w, q,
c, and K) and the range of values that each of the properties might have. However, the most difficult factor to evaluate
is the settlement ratio. Some information has been reported (4) regarding measurements of the settlement ratios of a group
of culverts, but extensive studies of the settlement characteristics of structures, either full-size structures or models, are
needed to provide factual information on this important factor.

TIME-DEPENDENT OVERPRESSURES

Introduction
In 1960, an analytical method was presented for describing the behavior and possible failure modes of an under-

ground structure subjected to a time-dependent air overpressure. This method will be referred to as the IITRI method. From
the theory developed, it is possible to determine the resultant pressure on the structure produced by the time-dependent
overpressure, and the weight of the soil overburden. However, the method ;s based on only one mode of failure, which is
assumed to be independent of the method of construction. Therefore, the following development, based on the static
pressure theories presented in the first port of this paper, and retaining the some basic approach and assumptions of the
IITRI method, may provide a significant modification and possibly shed more light on the problem of predicting the behavior
of underground structures subjected to time-dependent air overpressures.

in general, the IITRI method is bused on the ossu.,tt.on that failure at the system takes place when the roof of
the structure collapses with a downward movement of the entire mass of soil directly above the structure. The soil mass is
assumed to move as a ri;'u body; and vertical, upward shearing forces on the soil mass are assumed to be developed through-
out the entire height of the soil overburden (Figure 18). By the previously developed theory of static loads, this condition
would be the complete ;Jitch condition for a positive projecting structure, and only with the assurance of a very large
settlement ratio would this type of failure be probable. In the following development, all of the methods of installation
discussed in the first port of this paper will be considered.

Several assumptions related to the air overpressure-time relationship must be set forth. It has been found that
the actual overpressure-time relationship resulting from nuclear explosions can be accurately represented by the equation

-t

Pt =-p e to (l -. (54)
0

Graphical representation of this equation is given in Figure 19(a). Howevec, it has been suggested that the relationship
can reasonably be ossvmed to be of the simpler form

t
Fit 7. P o ( 0-d (5 5)

A plot of Equation (55) is shown in Figure 19 (b) T'.Js equivalent 4orm is based on the some peak overpressure, p , and
the samew tu, impulse, which is equal to the area under the p-t curve. For the tome total impulse

td 0. 736 t (56)

The assumptions related to soil behavior ore precisely the same as are made in the previous development of
static-load theory presented in the first part of this paper For a more .orn, tee discusion of oil of the ossumptions and
limitations, the reaoer is referred to the original paper pfesenutng the IITRI method.

Dynamic Loads on Structures in Ditch-Type Excavations
From - consideration of+the ree-body ogram of the element of the sod! prism (Figure 3), the suwymotion of

vertical forces must be equal to the moss of the element times the verlical acceleration
2

P -W - (P -s) - 2V - 2V W d~
a D dt (57)

where x - vert;cal movement of the element.
Then 2c 2K"on,,,, d2 .c

S+L T7 )(
d d dt (8
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Since the entire moss is assumed to move as a rigid body, then x is independent of h, and the boundary conditions ., ould be:

P - Pt when h - 0 and P I PH when H H

The solution of the equation would be
(-,t•L Ko•H •-2Ktan4 L

(-2K tcvn gý L-Ka*tp- Ld d d

PH 2 "- ) L p I d 2x .e
w -- . .... . . .... L 1 2Kta59)

d d jd dt

Solving Equation (59) for pt

L d

H4Kw4j. (*2Ktat4 t)2 K e tant~-- p -) L d_ 2 .. •••, ) ,•t d 2c I Il dx -el60
L 4 vw (d 2K t" 9 2Ktorit

Equation (60) moy be written in siirplified fom

d- R S( 61)
dt d

P 0

- L- 
(6 2 )
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H -12Ktan4 H

"4 2Kan; -" T _~
R PH ed+2c ed '6 3)

+2Kctan d Ht

and I Ld I
g Ktn (64)

It can be seen that the equoi'ion for R is the ;o7.e as that for p wL. as given by Equation (9). It can also be shown that
RI represents the magnitude of static overpressure o infinite duration which would produce the same pressure p as

would the peak pressure p linearly diminishing in the time t There are two possible solutions for Equation (59 )--one
for the case in which the maximum value of x is reached when 0 t_ t < t , the other in which t _x t d' The solution,.f. .max d mao - dl
for the first case is

T' 2 4 SI R 3 SI

T - 4 ) 1 <2 (65)

d I
The solution for the second case Is 2S

T' 2 SI I I

where:

T 7 2 S

A plot of the relationshio between (t-I) and is given in Figure 20.

d
The two basic uses of Equations (65) and (66) would be I) in determining the peak time-dependent overpressure

which would produce the some pressure on a structure as would a given static-overpressure, and 2) in designing an under-
ground structure to withstr'.d the effects of c gi',en time-dependent overpressure. In the first case, the problem is ve-y
st. ,pl, when it is realized that S R is the ratio of the peak overpressure to the static pressure which would produce the
same pres4..re -n the structure. hirst of nitl, the static pressure would be computed from Equation (63), based on the given
value of p fH ten the quantity (T' t d)2 is evaluated from Equation (67)

d
(T 2Q01
td - 7

RItu

Next, either Equation (65) or (66), or Figure 20, ý.cn be used to determine the ratio S1 RI Having this ratio, the pool,
pressure p can easily be deteminpd

'For the .,esign pi-ble-, the pe•L pressure would be n as well os the overall dimernions The basic

problem would involve the determination of the equivalent static overpresture, p. arind thn the design oi the structure
First of all. RI could bI computed, based on the asiumed rftio c" S ,F. Theo, p H could be determined from Equation (63)

Dosed on o.H. the roof -. ould be des grwe-d and the o coroesporndin' to PH could bi comi'sitoa Then. from the computed
R and i,, ( ' t would be computed Oroo" Equation (67ý and the theoetoical vlue of S I could bo toumd fro,
Equation (65) or (661. or from Figure 20 The sequence would be repat•ed unt; 'he S 1 R bnod an 'he initially a.sumed

I ; equal to the finaliy olr'otrtea value o f Rt
I'For comparisorn rhe above e'proessir$iit, ve beon uved with a given structure, c IC ft 10 ft a 10 ft Cube Naving

differem, vuaies of - Difterent soils and ditferent depths of burial were comnidered For e"e of comiputalion the di*We'-
*ýns of the excovat;nn were taken, ideally, the tom, as 4he of the structure The retjlh of the caoni•on ore shown
in Table I, and vividly ;Mvtrove the folloilng7

I For d;fferent soils, the difference in p p was w'il, no matter *hot the •-oIue of 1 Ond I
i The r-toximumn and m~nioii-iij ovles of P r . ior oll cnses conmidered. had a senall rangVe, 32 to

I 0" That is, 'or these caSe, the qulvtolent static ovetresure which would be used for design would range
from 76 to 93,- 0f 'he peak overpressure

3 A chargie in i tram i !t to 0 I ft resst-.ed in a netatly Constant equivalent sloti. o•e•9presl•ure whch wgs very

"nOrly 9O,•- of the peok value for all cases
4 For u value of x a C I fe. qn morec e in td from 1 47 -ec to 2 94 tec resulted n a slight carge In the
nearly coi•tontt 0aouvolent stotic oveý,;>e,5ure The percentage changed 'rem 9n to 92'1 of the p" o:erpresture
5 The rolto pa p c.anrges very little with ptornorced 0haonges in H Ld
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It appears that the major factors which influence the magnitude at the equivalent static overpressure are the vertical
deflection of the structure, x, and the duration time, td* Tt - equivalent static overpressure decreases as x increases and as
td deceeases,

The main point to be emphasized is that the ratio o• the equivalent static-overpressure falls ;n the range of about

76% to 93% of the peak overpressure. Therefore, the assume-..heck approach should be relatively easy for a given design.
Orce the pressure-time relationship is established, the equivalent static pressure can be accurately estimated, the pressure

on the top of the structure can be determined by the theory developed for static loads, the roof con be designed, x can be
computed, and finally the ratio p0/pu can be checked.

25 T__[T

(ii2.0
2.0- ( t - ) d

,TIE IS_ IS S

i.O -•

(jinm)

1.0

10 15 20 25 30 35 40
S
W

Fig. 20 Relataenship bet (T' td) 2and S R

TABLE I
COMPARISON Of RESULTS

-- ON vol. of
cI l ay. #.°° Sand 35

c a 400ost K-0T 7C *Opst 0.I1, 1 8, E•l ,., ,.,.,. 1.H .... 1. 4, #x,i T 1O 4? o %18, a ...4 ý txa.4?.,d 2Ot ",C

15s 3 1,26 1, 11 o.0 1,28 1.12 1o?
~30. 6 29 112 1.00 129 1 12 100

ID•. . , 10,o 3 1 13 ,•0 1,30 113 106"

86 a 0,89 10f I j10 Wi 21.32 113 1.09 130 1.13 1018

Lg" S7t

276



STATE OF THE ART

It will subsequently be shown that equations of precisely the some from as Equation (61) con be developed for
the projection cases. The solution and use of these equations would he exactly the some as that of Equation (61).

DYNAMIC LOADS ON PROJECTING STRUCTURES

Positive Projecting Structures
For the projection conditions (rd positive), consider the free-body diagram of Figure 9.

W d2 x
i'-tW-(P+dP)+2VB +2V = W- -2 (68)

where, as before, x represents the vertical movement of the element. Then

2c 2Ktan4 w d2x
dp=dh (w + wT + -r- P -g -72) (69)

s s dt
For the complee projection condition, the boundary conditions would be p FPt when h 0 and P. = PH when h = H

The solution of the equation would be

(+2Ktan H-) H (+2Ktan+ ~
"s t
1 (+2Ktan •--)

PH 2c + 2K -) s+ r Pt d 2dx e s-(
ST 2Ktaono W+r gl= P

s s s (0
Solving Equation (70) for pt

H(2Ktanf H. (-2Ktan# T-) (-2Ktanf H-
= [ -r e + sw +1) 2KtanT g -jt7 e

s I(71)

which can be written in the simplified form shown here 2

Po o 2 = s2 (i 2 (72)
where S2 = - R ( td

H (-2K tan(73)

and PH I(-2(tan H. -Kta+1L)

2c -(7)2 j+ ( - + L ) e2Kt

and (-2K tt--+4 2tn 74

Q2 - 2Ktaon (75)

The use of Equation (72) prallels that of Equaontion, (74) is the sme as Equation (36) where R2 c tp/wL.
For the incomplete projection cofdEnditin (6) Equation ditions would be

w(H-He) d2

p= w(H-H)+p -when = 0 and PPH whenh Hw(-e) +t g dt 2 • P

The solution of Equation (69) would be
H H
sT + (+2Ktano H p

PH 2c e -1 j( H _ e + )
(w + I) 2,t•ar +" T w,
5H 1

(+2Kton+ eT--) H

I d2x e I H e t (76)

to77
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Solving for Pt
wF H H

(-2Ktan - (-2Ktor* e
Pt PH (s / 2c I ) -eH

/7[ F WT7- 1
S S . S S

H

~(-2Ktan4 e1 2
Id e s .I H He

.- 2- ?t'7t-r-- --i (7 -F
d t $

which car be writtern in the simplified form d2
Q d R S, (It-7 (78)

3 2 3 ~Po dt td

where S PO 
t

H3 T- H (79)
rs H(-2Ktan# re) (-/.Ktan¢- .5)

R H ( s ,2 e s-_ (H H
3 /W7 -WT 2Kt)- • - -'.'(80)

ond [ (-2K tan .

Q I .e 2Ka ý' 1. ,H He(8)
3 ; - I - ' - "r

Equation (80) is the same as (37) where R u

S

sdFor the ditch condition (r sd negative), consider the free-body diagram of Figure 3.
V d2x

P + W - (P + dP - 2V -2V "V dx
B dt7r (82)

Then dp -d ( 2c 2Ktan+ w x

WT -r- P (83)
s s dtW

For the complete ditch condition, the boundary conditions would be p ý Pt when h 0 and p PH when h H

and the solution of the equation would he

H
H -2<a e

(-2Ktano ) (-2E- H 2_
H 2c e 1- 4(e L 2Ktan ' (84)

- = - 2Ktan g dt J
S S

If Equation (32) is solved 0or gt

H (+2Ktan0 .H)2tan H( 4.2 K to,3 n C- ) LT
Pt P H ( es) 2 c e -I I d2x e S-

W T •s 2Ktone 9 ( 2Ktano

Equation (85) may be written in the form d2x
0 =.- td (86)

dt d
where S 4 Po

sr (87)
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(:2Ktar s)+ I (÷2Ktan -
R4 PH Ts 2c e S-

H e 2 2Kan+ (88)$

and (±2Ktan+ -- )

4 I e"4 g 2Ktan4 (89)

Equatiov (38) is the some as Equation (36) where R4= Pu

S

In the ccýe of the incomplete ditch condition, the boundcry conditions would be

P w(H-He) + p - w(He) d2 xwhen h = 0 and P = P when h =H

and the solution of Equation (83) would be
H H

2c e -1
T-2K•t L

S s H (e s sn s

Pt , 2c H•s-I 5 e -.. H

Ij ~C- H t-Ktn e,

S S S

HH

I(d 2 Ktnx [e ) t4! (-2Ktn- (9)+ 4

d t 
s +

s s (+K(~ He)

where S aS

H

+ dex I +( H e

Equation (91) is of the form

and 2+Ktn H

r5 ) + R S - (92)
where S5 =Po

w--[ (93)

Q (+ 2 K ta rnl - e (+ 2 KtHn T 
(9

R5 zPH (=s 2ces- He
5 W-s e + ( 2c e I) 2Ke•( [ - l - (94)

ss s

Q //e +- • H He(5
-- 2K to•ni¢ -

Iquation (94) is the same as Equation (37) where R5 = Pu

Ss
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Negative Projecting Structures
The development of similar expressions for negative projecting structures would be exactly the same as the

previous developments. The resulting expressions are listed as follows
For the complete ditch condition

d~xt
d + R S6 s -t (96)

6dt 7 6 6 td
p

where S 6 =
6 wE (97)d (+2Ktano H (+2H.tano H

R(PH _ _e L -1 2c e -L

d d2Ktan d (98)

and (+2K tan4 Hdd

(C -e (99)Q6 = -g( 2taný P

Equation (98) is the some as Equation (41) where R6 =wT
d

For the incomplete ditch condition:

d2 x (100)Q7 7 + R7 ==s 7 (I-. 1 Loo
7dt d

PC
where S7  PCTH H (101)

7 -d H (+2Ktano r e-

PH Re(+2 Ktan -) 2c d d I 1 eH He (102)
d7 w ( d 2Ktarn L-d d

and H"(+2Ktan0 T e-) H

Q I - + H e (103)
7 g 2 Vton d- dJ

u

Equation (102) is the same as Equation (42) where R u-
7 FEd

CONCLUDING REMARKS

This paper is a part of a report prepared foi the Defense Atomic Support Agency, DASA-1406. The analysis
presented is based on a rational approach for predicting the behavior of underground structures subjected to time-dependent
overpressures, and for determining the pressures transmitted to the structures. A close relationship is shown between the
analyses of pressures produced by static overpressures and those produced by a particular type of time-dependent over-
pressure, thus emphasizing the importance of a thorough understanding of siatic lead behavior. However, it must be
pointed out that the procedure is based on a number of assumptions, some involving the overall behavior characteristics of
the entire system and others related to the quantitative effects of factors which influence the behavior. Therefore, there is
on obvious need for physical research to evaluat, the method. Initial work should be directed toward determining the
validity of the concept, particularly with respect to the neglecting of the stress wave effect. If the ;nitiol work serves
to justify the assumed modes of behavior, the next step should be the determination of quantitative effects for simple
systems. In particular, the effects & construction methods, relative seitlement, structural deformation, and soil properties
should be studied. After the general behavior of simple systems has been established, other variables should be introdu ed,
variables such as the effects of ground water and the height of the water table, and the effect of layered soils. In con-
clusion, it is apparent that much physical research is needed to establish the behavior pattern and to form the basis for a
design procedure.
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LIST OF SYMBOLS

A = area of adjacent effective soil
2 = horizontal dimension, with subscripts: d - ditch-type excavation, s - structure
c = soil cohesion
D = horiz J1 dimension, with subscripts: d - ditch-type excavation, s - structure
E = modulus of compressibility of soil
F = total frictional force (see Figure 9)
H = height of fill material above top of structure
H' = height of fill material above natural ground surface for negative projecting structure
He -- height of plane of equal settlement above top of structure
He = height of plane of equal settlement above natural ground surface for negative projecting structure
Hs - height of structure
h = vertical coordinate
K = lateral pressure coefficient
L = length parameter defined by L = BD/B + D with subscripts: d - ditch-type excavation, s - structure

N = normal force
p = vertical pressure in soil prism at level h
p' = vertical pressure in adjacent effective soil at level 1,

PH = vertical pressure in soil prism at top of structure
P0  = initial (and peak) time-dependent overpressure
Ps  = vertical pressure on top of structure

Pt = time-dependent overpressure at time t

Pu = uniform static air overpressure
P = total vertical pressure in soil prism at level h
P' = total vertical pressure in adjacent effective soil at level h
Q = dimensionless ratio
rq = ratio of height of positive projecting structure to L.

rp = ratio of heigh. of negative projecting structure to Ls
rsd = settlement ratio

R = dimensionless ratio equal to pu/wL
S = dimensionless ratio equal to poiwL
ds = deflection of top of structure with respect to the base

5d -= compression of soil prism between top of structure and natural ground surface for negative projecting
structure

sf = settlement of foundation of structure
S --= settlement of natural ground surface

sm =- deformation of fill material adjacent to positive projecting structure, between natural ground surface
and top of structure

281
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t time
to = duration of actual overpressure
td = duration of equivalent ov enrtessg
Ti = quantity defined as T' -2Q xm' R
V = shearing force
W = weight of soil moss
w =- unit weight of fill material
x = displacement of failure mass

ratio
= compression of soil prism between the top of the structure and the plane of equal settlement (positive

projecting structure); and compression of soil prism between the natural ground surface and the plane
of equal settlement (negative projecting structure)

= compression of the adjacent effective soil between fhe top of the structure and the plane of equal
settlement (positive projecting structure); and compression of the odjacent effective soil between the
natural ground surface and the plane of equal settlement (negative projecting structure)

= angle of internal friction tar the soil
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5IMILARITY REQUIREMENTS FOR UNDERGROUND STRUCTURES
by

Donald F. Young* and Glenn Murphy**

ABSTRACT

Similarity requirements for predicting the dynomic response of underground structures ore derived and checked
experimerntally. Dimejisionl analysis is used -o develop the required relationships between the model and prototype sys-
tems. Tests whi'.h were performed in a two-foot diameter vertical shock tube using small hollow aluminum tubes, embedded
in dry sand, as the model structures are described. The tubes were instrumeotted with SR-4 strain gauges, and strain-time
curves were obtained for several depths of burial. Peak reflected surface pressures varied from 60 psi to 460 psi. The test
results support the proposed scaling relationships.

INTRODUCTION

To estab! sh relioble similitude requirements for a given ,nodclproto,'ype system, oil variables that Lnfuence the

phenomena must be defined. As experience is gained with a particular type of !ystem, or g'nerol class of problems, the
significant variables become well defined, and conventional model theory can be applied wth confid&nce. Scale models
are nov, widely used in many areas of engineering. These models find their widest application in the solution of complex
problems that cannot readily be solved analytically. The use of models for the prediction cf the behavior of underground
structures is attractive because these problems are complex and difficult to solve. It is not feasible to test, at least
extensively, the full-scale prototypes due to their large size and other factors. The use of -Models is desirable, therefore,
since models ore relatively easy to fabricate and test.

The significant soil propert;es that govern load transmission and soil-structure interaction are not known. There-

fore, similitude requirements for predicring the response of dynamically loaded buried structures cannot be developed
immediately. The purpose of the investiW-aion reported herein was to develop similitude requirements for buried structures

and to check experimentally the proposed requirements.

The experiments described in this paper were performed with a vertical shock tube having a two-foot outside
diameter. This device is a cylindrical steel tube, open at both ends and mounted vertically An explosive charge of
Primacord con be suspended and exploded at the upper end creating a shock wave that propagates down the length of the
tube The lower end of the tube is located directly over a soil bin of the some diameter as the shock tube, and the resul-
tant shock wave impinges directly on the soil surface. One of the significant characteristics of this tyoe of loader is that
the resulting variation in pressure acting on the soil surface is similar to that due to an unconfined high explosive or
nuclear blast, i.e , the initial rise in pressure is practically instantaneous with a resulting exponential decoy in pressure
and a relatively long duration. The duration is defined as the time required for the surface presure to decay to the
ambient pressure. It is also possible with this device to obtain relatively high surface peak pressures. The highest peak
prossure obtained in the series of tests to be described was 464 psi with a duration of opproximately 1I milliseconds

TEST FACILITY AND MODELS

A schemrtic of the basic elements of the shock tube, soil bin, and models is shown in Figure The soil cover
for all tests was dry Ottawa 20-30 sand The model structures used in oil tests were hollow aluminum Jrvulor cylinlers
of three different sizes. The average outside dioreters of the test cylinders were 4.02, 2 00 and I 00 in with wall
thicknesses of 0, 253, 0. 26 and 0 063 in , respectively The cylinder length to diameter ratio was 2 The 4-in. and
I-in cylindert woer cut from, 6061-T6 alloy aluminunt tubing. The specific compositiorn of the aluminum used for the
2-in cylinder is unknown. Since the structures were not to be tested beyond the elastic range, slight differenres in
densities .'ý 1,r4oc! tO elasticity were not considered to be significant

The dependent variable measured in the tests was circumferential strain Each cylinder was instrumented with
two circumferential SR-A strvin gouge' and one longitudinal gauge (Figure 1 c). Type A-6 gouges were used on the 4-in.
cylinder, A-5 gouges an +e 2-in cylindes, a-d A-7 gouges on the I-in. cylinder. The gouges were scaled in the some
ratio as the cylinders The lonpitudinel gouge was used to check for stresses induced due ,o beom action of the cylinders.

* Professo', Department of Engineering Mechonics, Iowa State University, Am"s, Iowa.
"*Ptofesk.e and Hood. Depoftment of Nuclear Enginseering, Iowa State University, Ames, Iowa
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To mo:.itorw the reflected pressure acting on the
soil surfcce-, two Granath ST-2 pressure gouges were SHOCK
placed flush with the soil surface, 3 to 4 inches from the TUBE
inside edge of the bin (Figure 1 b). Two additional SURFACE PRESSURE

pressure gauges of the same type were located in the GAUGES
wnll of the shock tube approximately 5 inche. and 25 40# Rinches above the soil surface. These gouges were used AMR PRESSURECU E ,\,,.",.YN1q

i monitor the overpressure in the tube. DIRECTION OF GA-U__
The sand was loaded into the soilI bin by the KWV .. .

raining technique" (1). With this technique, the sand t I /
is loaded into a container and allowed to "rain" or Foil N /
through a funnel and a 2-;n. diameter flexible radiator ILINFACE
hose that is capped by a No. 4 or No. 5 wire mesh. If PRIESORE

the sand is allowed to fall freely for a distance of about IU I& # .b)SOIL SIN
12 inches below the end of the hose, a dense and uni- 1-,
form state of compocion is achieved. The average 0 TOP CIRCUMFERENTIAL

specific weight of the sand was 110.5 pcf. The sand f I GAUSE -7
was filled to the top of the bin for each shot and CYLINDERS LONGITUDINAL GAU`IOj
covered with a thin p;astic membrane. Two small holes
were cut in the membrane so that the sensing surfaces of SOIL BIN 4@
the pressure gouges were exposed to the shock wave. OZ 7

The output signak from both pressure gauges OTTOM CIRCUMFERENTIAL

and strain gouges were recorded on magnetic tape The 24 GA-A

stored data were then played back into a sixteen- (cIENLARGED VIEW OF

channel Miller light recording oscillogroph for immedi- I INSTRUMENTED

ate inspection to see if a'l channels were operational.
A final record for each gauge was obtained by playing S-- soil SUPPORT
the signal from the magnetic tape into an oscilloscope (a) SECTION OF SOIL BIN
and photographing the trace with a Polaroid ascillo- AND SIOCK TUBE
scope camera. The finol data for the shock tube tests Fig. I Schematic of Two-Foot Shock Tube
were obtained from bhese Polaroid pictures. A more
deta;led description of the shock tube and instrumentation can be found in a report by Holt and Crist (2).

The intensity of the shock wave was controlled by the length and the strength of the Primacord high explosive

suspended from the vppper end of the tube. Hovever, it was not possible to control the duration of the pressure pulse. The

minimum and maximum peak reflected surface pressures used in the tests were approximotely 60 psi and 464 psi, respec-

tively, and most of the tests were run at an average pressure of 100 psi. As noted previously, the duration time was

approximately 15 milliseconds.
The 2-in. and I-in. diameter cylinders were tested in the b-n at the same time. The cylinders were placed so

that their center lines were between 54., 2 and 6 in, from the edge of the soil bin (Figure 1 b). The tests with the 4-in.

cylinder were run with only a single cylinder in the bin

DIMENSIONAL ANALYSIS AND MODEL DESIGN

To establish model design conditions for this problem. the method of dimensional analysis was used With this
technique the variables that control the dependent variable, circumferential strain in this Cole. must be known or •s•u .
The chief difficulty in deoling with problems involving soilh is the determination of significant soil properties. For this
study it was assumed thot in addition to the density of the soil all other pertinent soil parameters ( vi ) have the basic

dimersions of FL" 2 (F - force. L - length) or are dimensionless This assumption implies that a -oil property related to
strain rate effects need not be considered, at leIst not for relatively noncohesive soils Also gravitational effech were

neglected This implies that the dead load strains (resulting from the weight of the structure and soi! cover) will be small

compared with the live load strains A more detailed discussion of the soil properties and +e significonce of these assu'p-,
tions can be found in a report by Murphy and Young (3)

Th. list of variables considered :n the analysis of this problem is given in Table I
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TABLF I - LIST OF VARIABLES

Variable Defini'ion Basic Dimentions

E stra r.
D outside cylitder a;ameter L
b cyl:ide- wol; t~ic1knessL

xlength of cylinder L
d de-pih of burial of structure (r,'easured fromy top 3f L

cylinder to soil sjr'~ace)
presiu re c-ct~ng on toi I suifaý.-'ý FL 2

ttime T
P initial dersity of soil FTr2 L-

Pdensity of cylinder material FT2 L 4

E pmodulus of elasticity of cylinder material FL- 2

G modulus of rigidity of cylinder material F-

17property ot soil FL- 2

17other properties of soil FL- 2

Application of the Buckingham Pi Theorem indicates that 10 dimensionless p rormwters (Pi termi) cr.. rs-e-vired to
desciribe the problem, One possible set is:

II E4b d G P
1 2 D ~ 3d 4 DE 6 P

ri 7- 9 E p~

The functional relationship between the Pi termss con be written as-

Since the some relationship will hold for both model and prototype systems as long as the phenomena is the some iti both
systems it follows that:

rI Im~2

if

?' m ri2

* , (3)

where the subscript m refier to temodel system Equation (2) is the prediction equation and Eqailons (3) re~wesnt the
maode! design condit;055

Design conditions, basd on n2. 113 , and r!4 require that the moadels be 9 , -traC0l 1) similrtote r to
and buried as scaled depth% The geametr of the soil bin was not consitered! In 9e anialy'sis Haoeviv, it is irsown thiat
.wall effects" con cause a significant attenuation in pressure with depth and reprtesnts a potential sovirce -I disrrirtion
If the some camftbirtation of moteroils is used in ttt model- prototy pe systems. design conditions baed an n 6.r
and 115 will be sotis'ed The design coindition based an 1119 is,

epm
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which indicates the p = pm since E = Em, i.e., the magnitude of the pressure acting on the surface of the soil must be the
same in all tests. Since the surface pressure is time dependent, this condition indicates that at homologous times the pres-
sures must correspond This means that if the time scale is other than unity then the variation in surface pressure must be
of the some form for a model-prototype system but scaled in time. The design condition based on 1l1 0 establishes the time
scale for the problem as:

D~
2  P _2

P7 Pmtm2

t D n (5)
tm rm Din

As discussed in the previous section, it was not possible to vary the duration of the pressure pulse in the shock tube, and it
was apparent that the loading design condition would be distorted. However, tests performed under the specified design
conditions with the recognition of the distortion in the loading term would probably give an indication of the importance
of the various assumptions involved and would "3e of value in planning future tests.

TEST PROCEDURE

The initial step in the preparation of a given test was to remove the sand in the soil bin to a depth of 12 inches
below the depth at which the bottom of the cylinder was to be placed. The sand was then allowed to "rain" into the soil
bin until the proper depth was reached. The cylinder was placed on the sand surface, and the sand was allowed to "rain"
around the cylinder while it was held in position. After the cylinder was covered, the raining technique was contin;ued
until the soil bin was filled to the required depth. It is estimated that the depth of burial of the cylinder was accurate to
+ 1/16 in. The weight of the sand added to the soil bin was recorded, and this weight combined with the volume of the
sil bin provided the average sand density. As the sand was rained into the bin, some of the sand grains fell outside the
bin. The sand that escaped t!.e soil bin was collected and weighed so that a proper weight could be used. This was a
source of error and could account for some of the variations in the sand density measurements. After the sand was filled
to the top of the soil bin, the surface was leveled with a straight edge drawn across the top of the hin. The sod' pressure
gouges were then placed so that their sensing surfaces were flush with the upper surface of the sand. As much care as
possible was taken in the placement of these gauges so that both gauges would be positioned in the same manner. How-
ever, some of the differences between the readings of the two surface pressure gauges were d.je to the inability to position
each gauge in exactly the same manner. After the gauges were in position, a thin plastic membrane was stretched over
the entire surface of the soil bin, and two small holes were cut in the membrane so that the sensing surfaces of the pres-
sure gauges were exposed to the shock wave. This membrne was held tightly in position with a plastic tape. After
these steps were completed, the soil bin was positioned directly under the shock tube.

The pressure gauges were calibrated by apply'.-g a static pressure at least once a day, and the strain gauges were
calb•roted immediately before firing. When the gauges were calibrated, the Primacord charge was loaded into the upper
end of the shock tube, and the shot was fired.

In most shots, the covering membrane was torn off by the shock wave. However, little sand was thrown out of
the soil bin, and the surface was only slightly disturbed. Afler each firing, the sand was carefully removed so that the
position of the cylinder after the shot could be determined. It was noted in all cases that the cylinder moved upward and
that the final depth of burial after a shot was less than the initial depth of burial. Pressure-time traces and the strain-
time traces were obtained from the Polaroid pictures taken with the oscilloscope-camera system. With the test procedure
described in this section, two to three shots, depending upon the depth of burial, could be completed in a given day. All
tests were run and data recorded by personnel at the Air Force Shock Tube Facility.

TEST RESULTS

For the tests run in t'•e two-foot shack tube, all design conditions assumed to be significant were satisfied with
the exception of t|ie one related to the loading. As noted previously, it was not possible to change the shape of the
surface pressure-time curve. However, the peak pressures were held as nearly constant as possible for all tests in which
cylindenr of different sizes were to be compa-ed. The peak strain measured on both the top and bottom gouges indicated
a tensile stress. The strains indicated by the longitudinal gouge were much smaller than those measured by the circum-
ferential gouges, and in most of the tests the peak longitudinal strains were less than 20 percent of the peak circumferen-
tial strains. The longitudinal strain traces were much more erratic or random in appearance and it appeared that the
bending of cylinders, which gave rise to the longitudinal strain, was of minor importance compared with the circum-
ferential strains. Future reference to strains will apply to circumferential strains.
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An enlarged typical pressure-time trace is shown in Figure 2 and an enlarged strain-time trace 'n Figure 3. One
of the disadvantages of recording the data on Polaroid O'm is that the traces are small and some accuracy is lost in reading
values from the photographs. The data given in this report show tne strain-time and pressure-time traces over a relatively
long period of time. If a more detailed study of the response of the cylinders during the initial part of the loadir.g is de-
sired, the trace can be expanded hy varying the sweep time on the oscilloscope, although this makes the transfer from the
magnetic tape to the film (,.,re diff,cult. It is estimated that errors due to reading the data from the photographs used in
the present study are approximately - 3 percent for peak strains. However, rise times con be in error by approximately
+ 50 percent, since they are of such-short duration and are difficult to read accurately from the photographs.

An attempt was made in most of the tests to hold the peak ,ee'ected pressure at 100 psi. Variations in the recorded
pressure from this value were most likely due to small differences in the explosive charges and to errors :n the readings of
the surface pressure gauges due to slightly different support conditions of the sand under the gauges. Filures 4 and 5 show
the results of the peak strain tests for the three cylinders. For these tests, the depth -o diameter ratio varied from 0.5 to
4.0. Two tests were made with a given cvlindcer at a specified depth of burial. The points plotted in Figures 4 and 5 re-
present the average value of the strain for these two tuns. In addition, the average measured surface pressure, based on
the average reading from the two surface gouges, fell betweer 79 osi and 121 psi. In most of the tests, on individual
strain reading deviated from the average of a pair by less than + 10 percent, with a maximum deviation at 32 percent from
con overage for one pair.

No significant difference in the peak strain predicted was noted from one cylindei t, another. The variations
appear to be random and fall within the range of experimental errors. There is more scatter in the data for the top gouge
than for the bottom gauge, and the peak strains indicated by the bo'tom gauge are considerably higher than those of the
top gauge. All data with the exception of the top gauge points for the 2-in. cylinder indicate a decrnce 'n strain with
depth with a possible leveling off at a depth to diameter ratio of approximately 2.

To determine the effect of peak surface pressure on peak strains, several tests were run at a depth to diameter
ratio of 2.0 with the I-in. and 2-in. cylinders. For these tests, the surface pressure was varied from approximately 50 to
500 psi (Figures 6, 7). The peak strcin is plotted against peak surface pressure which is the average peak pressure measured
by the two surface gauges. There appears to be a linear relationship between peak strain ord pressure, and the curves that
are drawn through the plotted points were obtained by at least squares fit with a zero ordinate For the bottom gauge
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rendings, there is no sigriticont 3200 , '
variation among the data from the
three cylinders. This supports the
proposed model design. The points
for the 1-in. cylinder appear to be
siightly higher in the top gauge data 2800-
of Figure 6 than those for the 2-in.
c> !inder, and separate curves were
drawn for these two cylinders.

If the assumption is mode, 240C--
which is supported by the data cf
Figures 6 and 7, that peak strain is
direc ly proportional tc sur:!%ce pres-
sure, then the .troins which were 2000 I"CYLINDER
plotted in Figures 4 and 5 can all be O 20CYLINDER
normalized to 100 psi. A comparison z
of the normalized data with the data - X 4" CYLINDER
plotted in Figure. 4 and 5 shows no 4 160O
significant difference in results. This
observation supports the conclusion Z
that the scatter in the peak strain data <
of F;gures 4 and 5 is due primarnIy to 1-U- 12004O t•2P

factors other than differences in sur- W 0
face pressures from run to run. The X 10O PO
principcl reason for this sc- ýter is 4
most likely the difficulty in •ompoct- W
ing uni'ormiy the sand in the immedi- 800O
ate vicinity of the ttst cylinder. TOP GAUGE

Although it is not expected 0
"-at the validify of the proposed time 2 pts. d -. 0

scaling could 1e conclusively estct- 400 -- D
lished, since t',e loading was not time
scaled, it is o" interest to compare the
complete strairn-tirne curves for the
differeni sized ciinders. For this 0 1 I
comparison, severr:l tests in which the 0 IO0 200 300 400 500 600
peak strains of the different cylinders PEAK SURFACE PRESSURE (psi)
correlated closely were considered. Fig. 6 Variation in Top Gauge Peak Straons with Surface
Figures 8 and 9 show strain-time Pressure
curves for different cylinders for
which all design conditions were stisfied with the exception of time scaling on londing. Although there are differences
in the relative appearances of the various sers of curves shown in these two figures, for times greater than approximately
the rise time (time to peak strain) the curves tend to coincide. This is especially evident in Figure 8. The rise times do
not coincide but tenu to dev*ate in a manner that could be accounted for with the proposed time scaling; i. e , the larger
the mode; size the greater the rise time. However, as pointed out previously, the inaccuracies associated with reading
the rise time from the Polaroid prints are of the same order as the value of the rise time. In most of the strain-time curves
regardless of cylinder size, a pronounced hump appears in the trace at approximately 15 to 18 milliseconds after impact.
The cause of this increase in strain is not known and does not appear to be directly associated with a boundary reflection,
since the time intervGc to its occurence is too great. Another pronounced and unexplained peak occurs at 2 to 4 milli-
seconds after impact on most traces. In all tests, it was found that the cylinders movea upward, and the final depth of
cover was less than the initial depth. The 4-in. cylinder moved up approximately I in. , the 2-in. cylinder approximately

.5 in., and in most of the tests with tke 1-in. cylinder buried at depths of 2 in. or less the cylinder moved up to the
soil surface. A complete tabulation of all data obtained in these tests can be found in a report by Murphy, Young and
Martin (4).
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DISCUSSION OF RESULTS

The results of the tests in 1-- •T•
the two-foot shock tube can be
grouped into two categories, those
which are of a more general and 2800
quaoitative nature and those which
apply specifically to the e,'aluation
of the proposed similitude require- I Cyin ements. 2400- • Cylinder

The peak circumferential A 2 Cylinder
strain decreased with depth of k4 C
burian down to a depth to diameter Pea k
ratio of approximately 2 (Figures 4, strain 2000oo 4 C
5). Beyond +his depth to diameter
ratio, the strsins appear to ap- C/p in./in.)
proach a constant value. The rea- 1600K & 5
son for the near surface attenuation *
is not known. Near the surface of
the bin it is expected that any A

energy dissipation caused by re- 1200- ýA
lative movement between sand
grains, or between the sand and
the boundaries, will bt' most pro- 0
nounced. This may be the cause 800
of the attenuation at the shallow/ Bottom gouge
depths of burial. The rise times I goug
did not show any significant -hange X d
with depth. In most of the tests, 400 D
the rise times increased with the

size of the cylinder, which would

be expected due to the time scale. 0 I I I I

To evaluate the proposed 0 100 200 300 400 500 600
similitude requirements, strains
measured on three cylinders of Peak surface pressure (psi)
different sizes were compared. A
comparison of peak strains obtained Fig. 7 Variation in Bottom Peak Strains with Surface Pressure

from the three cylinders indicates
that there is reasonable figreement. Tabulated values of peak strain for the tests in which all design conditions were
satisfied except for time scaling the load ore given in Table 2. If it is assumed that at a given depth to diameter ratio
the strains from the three cylinders should be the same, then an estimate of the variation con be obtained by calculating

the percentage deviatior. of any one strain from the average. In the strains measured by both the top and bottom gauges,
the maximum deviation was less than 19.5 percent with on average deviation of 9.0 percent. Since the deviation from

the average of two shots under similar conditions show approximately the some percentage variation, the differences
between the peak strains can be attributed to experimental errors, More points will be required to define the peak strain
curves more accurately.

Since the loading condition was distorted, the complete strain-time curves could not be expected to be compared

directly. However, the results shown in Figures 8 and 9 support the proposed time scaling. During the initial impact of

the pressure wave, the cylinder is expected to respond as if subjected to a step pressure pulse. The transit time, or time

required for the pulse to traverse the cylinder, con be determined by dividing the diameter of the cylinder by the velocity

of the w'ave front. For example, for the 4-in. cylinder, the transit time is approximately one-third of a millisecond based
on an estimated wave speed of 1000 fps. During this short time required for the wove to pass across the cylinder, the in-

tensity of the surface pressure pulse has decreased only slightly; therefore, the approximation of a step pressure pulse dur-
ing this early period may be valid. After the cylinder is engulfed in the pressure wave, the strain will be controlled

primarily by the decrease in the intensity of pressure, and during this phase the strains would be expected to follow the

decaying pressure pulse. Thus, during the initial response to the approximate step pulse, the time scale must be used;
since the surface load, now considered a step pulse, is properly scaled. However, as the pulse begins to decay signifi-

contly, the strain will follow this decay. If there is no time scaling of the surface pressure, there should not be time

scaling on the response curve for times exceeding the rise time. Better agreement among the various curves is obtained
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after peak strain if no time scaling is used which tends to substontir te the preceding argument (Figure 8, 9). Also, it
appears that for the times near to and less than the time of peak strain the use of a time scale would improve the correla-
tion among the curves.

TABLE 2 - TABULATION OF PEAK STRAINS

Cylinder d aPeak Av. Peak C 0 - c100
Diameter Strain Strain Ca

D Co Ca
(in.) ()..in./in.) (/J4,n. /in.) (%)

Top Gauge

1 0.5 485 406 +19.5
2 0.5 328 -19.5

1 1.0 347 - 6.5
2 1.0 340 371 - 8.4
4 1.0 424 +15.9

1 2.0 312 - 8.8
2 2.0 330 342 - 3.5
4 2.0 382 "11.7

1 4.0 410 363 +13.0
2 4.0 316 -13.0

Bottom Gauge

1 0.5 637 619 + 2.9
2 0.5 602 - 2.9

1 1.0 445 - 6.9
2 1.0 500 478 4.6
4 1.0 491 + 2.7

1 2.0 454 ' 4.4
2 2.0 366 437 -17.3
4 2.0 490 *12.7

1 4.0 479 444 " 7.9
2 4.0 412 - 7.2

aAverage of two shots

SUMMARY AND CONCLUSIONS

In this paper, dimensional analysis has been used to derive a set of similarity requirements for pxedicting the
behavior of underground structures by means of models. The analysis indicates that the behavior of a prototype structure
can be predicted from measurements token on a model structure if the following conditiors are satisfied.

I. The model and prototype are geometrically similar.
2. The same combination of materials is used in both model and prototype. This conditicn refers to both

the soil and stnrcture.
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3. The surface pressures are of the same magnitude and applied at homologous positions and times. Since the
time scale is equal to the length scale the pressure variation on the model system must be time scaled.

Two major assumptions are required to arrive at these similarity requirements. These are:
1. The significant properties of the soil are adequately described by its density and one or more additional pro-

perties having the basic dimensions of FL- 2 .
2. Gravitational effects are negligible.

Although the similarity requirements were derived from the pIsrticular system used in the test program the some general require-
ments as they pertain to geometry, material, and loading ore appilcable to other systems wittt aitrereni geom,,etrtv and
different loading environments.

Results of a series of experiments specifically designed to check the proposed similor*ty requirements support the
analysis. Although the surface pressures used to load the structures were properly scaled with respect to magnitude, they
were not scaled with respect to time. However, the peak strain data are in reasonable agreement with the predicted results.
As discussed in the preceding section it is believed that the complete strain-time curves also support the proposed similarity
requirements. A better understanding of the properties thai govern the behavior of soils under dynamic loading conditions is
necessary before models can be utilized to their fullest extent The authors believe that the feasibility of using small scale
models to predict the behavior of underground structures under intense surface loads is clearly demonstrated by the results of
this study.
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THE APPLICATIONX OF SIMILITUDE TO PROTECTIVE CONSTRUCTION RESEARCH
by

Robert tK. Tener*

I have often been impressed by the
scanty attention paid even by original
workers in physics to the great principle
of similitude.

- Lord Rayleigh, 1915

iNTRODUCTION

Investigation into the design of underground protective structures has comprised a major effort in engineering
research for more than ten years. During this period extensive knowledge has been gained, and the engineer is doubtless
better equipped today than in 1954 to prepare with some measure of confidence a design for a practical underground
structure capable of surviving the effects of a given nuclear weapon. However, it would be inaccurate to consider the
state of the art of blast-resistant underground structural design to be highly refined. Rather, from the design engineer's
viewpoint, two basic questions as yet require completely adequate answers: 1) for what volJes of input load, shock, and
displacement should a specific buried structure be designed, and 2) by what means should a given design be cnalyzed to
verify its adequacy.

The objective of protective construction research is to equip the engineer with answers to these questions. Technical
requirements for investigations must be based an the goal of ultimately enabling the determination of input effects on
buried structures and providing procedures for analyzing a proposed design. In order to analyze a structural design, the
engineer must know how it will respond to the blast effects from a given design weapon. This means that he must be able
to predict the response of the structure to the pertinent weapon effects.

The complexities of the phenomena involved in the dynamic response of an underground structure ore familiar to
all who have approached the problem. Research into the nature of these phenomena is being pursued by various theoretical
and experimentol approaches. This paper proposes that cognizance be made of a specific approach which offers rather
unique advantages and potential promise in providing ,arly answers to the problems of input effects and structural response.
It is submitted that application of the theory of similitude to selected studies in protective construction research *,ill
potentially lead to information adsquarte to the desipner's needs and at a considerable savings in research time and money.

APPLICIABILITY OF SIMILITUDE

Background
STheory of similitude encompasses thow principles which govern similarity between physical systems.

Similitude hiss its basis in diniosional analysis, and the central promise which provides for the application of
dimensional analysis is the Buck ingham Pi thormem (i), which may be stated as follows:

If a functional relationship exists between n variables having b basic dimensions,

F(x 1 , X2' m3l3" Mn) = 0

this relotionship may be expressed in terms of s independent, dimensionless products of these variables, called Pi termr

F( rl , rl2e rl3 1 ... d = 0

where s = n - b.
The behavior of any physical system which is characterized completely by the variables xi can then be

roteipsened by the function F , which may be epressed alternatively as:

*Corps of Engineers, U.S. Army Engineer Waterways Experiment Station, Vicksburg, Misissippi.
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1t1  (fl 2 , 3 '..." ) (1)

An identical relationship exists for any other system which is physically similar. One such system may be terms the
model system, for which:

SIm (112 m, H 3 m' """ 1'Ism) (2)

in which the subscript m denotes the model system. If in equations I and 2 it is provided that
2Tar 112' r1m = r 3 1 ... I1/= M s, then, since the form of the function 0 is identical in the two physically

sinkmJr systems, it follows that n
The procedure for applying the principle of similitude to the design of a model system involves four steps.
1. Determine all the variables which influence the behavior oa. the prototype system. This is the

most important and in general the most difficult step and if of obvious necessity.
2. Form c suitable set of Pi terms involving the pertinent variables.
3. By equating the independent Pi terms n 2, n 3' -' I1 n in the model and prototype systems,

establish the conditions for the design anr operation of the model.
4. Once the design conditions are satisfied, thi prediction equation is established for the dependent

Pi terms, []I = ilm*

General AppI kations
There are two primary types of investigations in which the application of similitude principles can provide

meaningful results. The first and most widely recognized jsefulness is in establishing design and operating conditions for
a model system of a specific prototype. Observations of the model behavior are used to predict the behavior of the pro-
totype in the desired respect, without resorting to detailed study of the form of the functional relationships between the
pertinent variables. Examples of this application are common in many fields of engineering, especially hydraulics,
structures, and aerodynamics.

The second area in which similitude is of value is in basic phenomeno-logical investigations. If a selected set
of variables is assumed to determine the behavior of a system, an equation such as equation 1 cco be formulated. By
designing and operating several experimental system of different sizes, a comparison of the behavior of the system will
indicate whether or not the assumed similitude existed. In this matter the sufficiency of the assumed set of variables may
be verified. These basic verification studies are generally intended to provide an understanding of the behavior of a
system. Procedures are avoiloole (5) for utilizing the results of similitude studies to determine the manner in which
certain of the Pi terms enter the functional relationship jO in equation I. Examples of the use of similitude in basic
phenomenological studies are available in the literature (21,31,32).

Two additional advantages of considering dimensional analysis in the conduct of experiments are noteworthy. In
any variation of parameters study, the number of parameters which must be investigated is reduced by the number of basic
dimensions involved if the pertinent variables are formed into Pi terms. Additionally, the collection of data can be
systematized, the presentation of results simplified, and the usefulness of ýhe results generalized by use of dimensionless
groups of variables. Discussion of these poin's with reference to soil mechanics research was presented by Lundgren (29),
and with reference to fluid mechanics by Van Driest (4).

The list of general references at the end of this paper constitutes a representative collection of books and papers
treating similitude and dimensional analysis in their more general engineering applications.

Advantages of Similitude Approach
The objective of protective construction research is to equip the engineer with the knowledge required for the

efficient design of protective structures. Research toward this objective, to a greater degree than ever before, is sub-
iected to the constant dictates of expeditiousness and economy. The use of similitude as a research tool offers distinct
advantages when considered in the light of the necessity for early usable results and on efficient research effort.

It appears that the pressing need for early reliable answers to the design engineer's questions is sometimes lost
sight of in the research establishment, particularly where the time and effort requiied by basic research problems may lead
to a lack of attention to the applied aspects. There should be an unqualifoed understanding that useful applied research
results are in great immediate demand. If the protective structure design information presently at hand had been available
ten years ago, it would not have been too soon. A valid requisite for an investigat;- approach then is the degree to
which the approach can provide early adequate results.

In many protective construction research problems, the apphlcaFoin of sim; i uwde otters u J4;inct advantage in this
aspect. A properly conducted made! study can usually lead to an adequate pre ';orion of specific prototype behavior with
less effort than is required to develop an adequate analytical prediction. The vmnalyticol approach requires that functional
relationships based on theory and experimentation be established, which will enable calculation of the required input and
response parameters. Development of these functional relationships is presently dependent upon the results of extersive
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baski theoretical and experimental
research yet to be conducted in
many areas. These areas include
static and dynamic soil mechanics,
dynamic properties of structural
materials, shock phenomena in real
earth media, dynamic soil-structure
interaction, and others. The re-
quired solutions in these areas are cc
not being quickly reached. Thus, n
the value of analytical approaches
to protective consiruction design
problems may improve progres- PROPOSED PROTOTYPE •l 6 IriM
sively, but at a rate dependent
upon costly, time-consuming basic DESIGN SUBMITTED
researcI,. FOR EVALUATION SIMILITUDE

However, if just enough is
known about a particular problem
to enable identification and 7>
evaluaton of the specific variables
which influence the phenomena, _ 4 4 1 1
whether it be free-field effects,
structural response, or otherwise, MODEL
the problem can be approached by
similitude. Detailed knowledge of TEST
the functional relationships in-
volved is not essential to a model PREDC
study. If a reliable model pro- PROTOTYPE 7/
cedure can be established, as in RESPONSE
general it can, a similitude study
will provide the information needed
to predict input effects for use in
design and structural response for DESIGN VALIDATED
us& in analysis, and i ,fficient OR MODIFICATION X
time to be of value to the Jesigner. RECOMMENDED

Figure I illustrates sche-
matically how a similitude study FINAL
might be applied in the analysis PROTOTYPE
of a specific proposed protective ROTOTYPE"
structure design. The details of
the similitude study and model

tests are based on the specific Fig. I Concept of Objective for Similitude Studies in Protective Construction
proposed prototype design, and
the validity of the prototype design is evaluated on the basis of predictions from the model tests. This concept is analogous
to applications of similitude in aircraft design, flood control studies, design of complex structures such as dams ant
multistory buildings, and numerous other fields.

The advantages of the similitude approach to protective construction research may be suminarized briefly. In the
problems involved, which are characterized by highly complex functional relationships not yet fully understood, an urgent
need exists for design information. Similitude studies are not dependent upon analytical development of these relation-
ships, and bear promiso toward providing adequate information to the designer at a savings in time and cost. Thus,
potential economy of research effort is to be gained when a similitude treatment of a problem is applicable.

Additional Considerations
There must be commvvurcation and interplay among the various protective construction research efforts. Theoretical

and experimental advances can and must be mutually complementary. A certain level of understanding of the notafe of
the phenomena involved is essential to the value and efficiency of a similitude study. Bnidgemar advised, 'The man applying
dirrensional analysis is not to ask himself 'On what quantities does the result depend?' for this question gets nowhere,
and is not pertinent. Instead we ore to imagine ourselves as wr ting out the equations of motion at least in sufficient ,*tail
to be ab-e to enumerate the elements which enter them. It is not ncesuary to actually write down the equations, still les

298



SIMILITUDE AND MODEL STUDIES

to solve them" (3).
As more accurate knowledge . dynamic soil-structure interaction is developed, the ability to conduct more

efficient and reliable model studies will improve. Likewise, similitude studies provide experimental evidence and promote
theoretical understanding of the behavior of physical systems.

One point of a conservative nature should be injected. An inherent danger exists whenever predictions ore made
based on scale model tests. It is recognized that it is possible to operate with a model design that is quite incorrect, yet
blithely predict results which are considerably in error. Thorough verification tests are important, as is correlation of
observed prototype data whenever availabe.

STATE OF THE ART

Work to Date
Historically, the use of the models and scaling in protective construction dates back more than twenty years.

Extensive work was done during world War II using similitude principles to study penetration and explosion of bomir's and
prolectiles. Results of this work are reflected in an early Corps of Engineers protective design manual (11).

The argument in favor of similitude studies in nuclear weapons effects research is by no means '.cw or profouna.
McCutchen before 1949 proposed such studies, and he wrote an article with the purpose "to explain enough of the basic
principles of similit,.de between a model and an original to enable one to apply thes# principies to the serious problem of
the effect of an atomic bomb upon an underground rock fortress" (27). This was 16 yean ago, yet even today new research
is being initiated applying the similitude approach to deep underground effects.

An early study of model blast effects in rock was done by Jones and McCutchen in 1948 (26). Their paper
formulated a model theory based on similitude, and they investigated the use of a model medium whose strength was
reduced from that of the prototype sandstone by a factor of 20, the length scale for the study. The limited results of their
test demonstrated the feasibility of such investigations.

In 1946, a few months after the first atomic bomb was detonated, the Office of the Chief of Engineers initiated
planning of the Underground Explosion Tests. These tests were carried out between 1948 and 1952 with the specific
intent of establishing the similitude relations between TNT explosions and nuclear blast effects. Dimensional analysis
was utilized to develop scaling relations for particle displacements, velocities, and accelerations and stresses in soil and
rock. The effects of charge weight and depth of burial, -ange, and soil type were studied, and it was concluded that the
test results tended to support the model law for the existing soil conditions (28).

Extensive use of similitude was made in studies of blast effects on surface structures during the earl. 1950's. The
scope of current protective construction research transcends the range of weapons effects with which surface structure.
are associated, so that extensive research in this area is essentiallý a thing of the post. An excellent treatment of the
similitude considerations in modeling surface structure blast effects was presented by Jones in Canooo (12).

Considerable interest in model studies of dynaomiclly loaded buried structures within the post three -ear, is evident.
Ahlers at Armour Research Foundation (now Illinois Institute of Technolog, Research lnstitute) reported on a theoretical
-.odeling analysis in 1961 and concluded that .i. vxmi. ,nodol cuuld not practically be bit 0lJ). An analytical similitude
study on dynamically loaded buried cylinders was reported by M.rphy and Young at Ioa State in 1962, and their report
included a brief test program which clearly demonstrated the feosibilit, of such studies (|14).

Another paper stu-Ay on scaling relations far dtynamically looied buried structures *as published in '962 b,
Agentz (15). This study analyzed in some detail a number of the scaling problems inherent in the buried strcture priblem
and discussed at length certain pheoiomeeiolopical relations. Howkever, no use of similitude obod on the Ovckinghon, PI
th-eorem was mode. The resultant approach does not reodil)y lend itself to the practical design and performance of model
tests, and is on example of the fact that overattentive consi-deratio,- of basic Problems can Sometimes Maik a practical

approach to an investigation.
A model analysis of a buried arch was reported by the U. S. Nhvol Civil [ngieerirr% Laboratory in 196. j19).

Comparison was made between four d-flections observed in a tftl-icole VCld test struvc1re and scaled-vp deflei:tions hvo-
one laboratory test on a small arch. Although the co-,ored valjes oere of the same aris of magnitude, a nunver at
highly questionable asumptions were required, and no firm co,•.-clsions regarding the vulidity of the modeling procedure
were offered.

The most significant similitude stud, to dWe a -'c bried structure response was conducted of the Air Foice Weopors
Labotatory and repoeted by Murphy, Yorng and Martin 21 it. An extensive test program was conducted on aluminum

cylinders *ith diameters of 1, 2, 4, atxa 8 incies ond jevt'.s of r1r6al in cry wono of Fp to ten diamefete. The test rewults
clearly dem•oistrated, within the ronzie at poro Wtve, , .esvijofe-d, *he feasibilit. of predicting the behavior of buried

structures by the use of modeh. rhree ore•s tor f,-rttfer investigatioc ..ere proposed: I) .rcreawed length scales, on the
order of 10 or greater, 2) strain-rote effects on cohesive soil oeio;oiar, and 3) a mort specific Meons of determining

Fertinent soil properties. It is felt that the approoc1 , to protective constructtion reseorch -emonstrated in this study baes

great promise.
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Model buried structures have beow tested in full-scaie field tests (20, et.al.). A recent report on a dynamic model
study of one of the buildings in the NORAD unaerground irestollation is a good example of the practical usefulness of model
studies (22). Valuable information and lists of references concerning general considerations of dynamic structural modeling
are available (13,16,17,18).

Arl excellent presentation of the applicability of similitude to several dynamic problems was given by Abramson and
Nevill (23). Model studies are described for such problems is response of structures to vibratory and imp~ulsive loads.
cumulative penetration of foundations due to repeated dyiamic loads, soil-structure interoctic i, and mobility of off-the-
road vehicles. The special advantages .jnd scaling considerations in similitude studies in these crew are clearly and
thoroughly described in this paper. An especially good evaluation of the problems of modeling in soil dynamics is presented.

An interesting application of similitude to a problem somewhat related to soil-structure interaction was reporte-d at
Sandia Corporation in March 1964 (33). In that study dimensional analysis was applied in considering the impact and
penetration of a high-speed projectile into earth media, *ncluding water and various soils.

Current Status
roZi the general goist of similitude studies in protective construction research have been to formulate and verify

a model theory for structures buried in soil subjected to dynamic air-overpressure and to provide scaling relati,.-s for free-
field weapons effects. The theoretical similitude relations are well established for th, design of mode' structures .- ,4 loading
conditions. The primary are &n which further information is needed to support structural response modeling and free-tie.i.
effects scaling concerns the properties of the soil or rock medium which must be cons~dffr-.

The feasibility of establishing similitude within lobaratory-sized sosl-str'Jr-ure s) tf"n toe 3 de-'ise dry saind soil
medium has beow demonstrated (21). The dynamic response of surface ~j '.rn a i I plas;.c cor cacted cIa> has tmeer-
successfully scaled (32). Other than these studies there is no publish~il ex~rirrantal d, i.sence oiý sozcessft.J scaling ovi
dynamic soil-structure interaction between similar systems of differcnl stze3. Two of then pirmrycr *eognized difficulitie
are first, identifying and evaluating the properties of the soil me4.~un' *wtich inflt,,iace the behavior under stidy, and
second, providing the proper scaling of these poperties between F.-..totype a.id Model.

The necessity for defining analytically the physical prqoje ie of the Pwivim follaws tne udv ice attributed !a
Lord Kelvin (9y: "Whon you can measure what you ame speakcing c*.out, and express it in nrLe-ii, you know sowothing
about it; but when you cannot express it in number%, your knwlecige is of n neare on-A 1.norlsfactoiry kind."

Progmess is beirg mode in this area. Soil mechanici -esearch is constantly developing ne~w means of quantitativiel .y
identifying the dynamic stress-strain relations for various voilt 3n~d stwts of confinement. Uynamic trioiiial anvd dynwamic
one-dimensional compyression testing devices now being e.kpd*ili provide' future irk'wv'tian *hich *ill enoble a
better understanding of the significance of them stmos--trnin curvas in sol V m~t erotion.

The qweific properties of a imedium wlhich '1tuen~rcM the Cott*'.Uation 01 peo4k ;WessAe Q1 C sh4ck waVe propagate
thraoug it mus be quantitatively identified. Stmmin-seres : fecti 4-n soil str~nth must bo thorougly evaluated. 0 narixic
similitude studies wmay encounter less difficulty regordin- lits latter effect than rias been onlicipated, i)-owever. As iong as
loading tomes are of a magnitude considered dyna-mic, it is posiblet that li"l9 variwtion in soil strenth with -"rin rot* v illI
be observed for real moils, either granular or cokesive." This -Pee s that even if iooding time is scaled be-. :_tn two
dynamically loaded soils, strain-tote effect on soul streng. '-VY 6e negiigible.

Slmiltude stodies in fr-it and ric.Oikei 0*4ic have been Pi~e~t.s is an area wnere very. great benefit
could be derived heom model studies. In ""we miterials, too, ;a-ex- 7tlvgý,xowý. of ',.Wium properties is required.
Martin and Murphy concluded, "Prediction of frzctvfe Cowwd by a ac's e-i exlosions requires Moe# research into the
strain-time contditins that couve hoacture in various britri*, mweriati" (31). Present research is takingw -o hard Ibowl at
properties ai eutin of state for brittle earh rivilmialt, ont resvlts of thi's research are essential to kfow eidgeoble
model studies of rack phwxwwen.

T0e current status of similitude studies in, dynamiuc soil-atructure inter'xtiav' includes* liomited theooetical con-
sideration ard a complete lock of valid eei'ntlinfwnstion regorviing scaling of inie'issic behavior and iltimate
Failure of a buried structure. Tangibile rewult teo Jai* ame lirwited to tlastik structural behaviot. oii cconoical
protective construction will wm~e uw of plastic teaponse and ultimate strength behIONior, *4~ is ObViOA'y, Om area which
must receive aten tion.

An momof cuaief" cansidrotior is that of time scaling. Dyvvoyvc similitvide, vwen thoe -nodel t.d profxepe
Pmatwerils are the same, mreqies that time should scale as the longttw scale. At present there are nwo pr'octkol dy'.-nomic
loading facilities available for buried smicture tests in which time PaOM-Wens can be widely v.aried and clowe1  con-
"triled. For the present, distortian of the desior cOndt.'ions oon modeiltine must be handled woalytical,. ^ftil capa4bilisies
exist for study this effect oxperimentally.

To date, there has been b.t limite" txperimevitol corrlation between the behiavior of a full-scole prototvpe
buirtee structure obsrved in a fGeld teW a*+t the behiavior predicted by G loboratory -Kcate moidel test. To sUcce~ss5 "lW
establish this correlation for roalistic earth materials thould be ar, early -mior reseoi'1 )on!.

"A. J. Ners'ar, Vick"u, Mississippi, Private Coormi~nucation, 1964.



SIMILITUDE AND MODEL STUDIES

FUTURE REQUIREMENTS AND PROSPECTS

From the state cf the art presentation and from a consideration of the designer's needs, a number of areas may be
identified in which future similituae studies are required in order that any prototype underground installation in general
might be modeled. These are presented in outline form.

I. In laboratory verification studies, establish capabilities for
a. predicting inelastic structural te.ponse and ultimate strength.
b. conducting studies for different prototype soils with properties varyiNg over the range ef all pror.tical media.
c. predicting response of various prototype structural materials and geometries.
d. operating with length scales in excess of 10.

2. Establish correlation between laboratory and full-tcal! conditions by
a. predicting behavior of prototypes already observed I field tests.
b. conducting coordinated laboratory and field tests ý,o practical structures.

3. ;n additioan, for deep installations in rock
a. formulate model theory and conduct pilot tests.
b. develop new laboratory testing concepts.
c. establish capability for operating with length scales on the order of 100 or greater.

As new nuclear weapons technology and capabilities ore developed, the protective Jesign con epts for defense
mus adopt. Protective constructio,. research requirements should be based not upon the attack capabilities of today, but
cn the weapons effects against the future design will be pitted. The hardened installations to be constructed ten years
hence should be based on rationai, efficient design procedures alreaoy developed by then. The precept "plon ahead'
::ould hardly be more applicable.

It must be decided in the research establishment, based upon the best available evidence whether ipecific current
nI.est;gntions are likely to bear fruit in tithe to be of use. If not, an approach toward protective design problems must

be tound ,h.ch will enable adequate solutions before the design concept being studied becomes obsoiet4. In view of the
prospective weapon ields and attack concepts of the future, an acceptable level of hordening for prime targets will
cbvP,,si .e dis•itte -ery deep underground installations in rock. D-.sign of such structtles could be greatly focilitated
b, the ý* Ats of vel-fuvndeo similitude studies. It is hoped and expected that the moraifotd problens coupled with $uch

9 ,zr De overcome. and that these studies *ilH be successfully carried out. The future rate of pWVJrss in
Wt! field mus! -,e greati! accelerated over that of the 1-6 .eos since Co!o-nel McCurchen proposed such research.

SUMMARY

It is -) ;;r-cosej thit s-iiti ie sjies orv te paoc•co ito ever* protectie conslTyutio.n research Problem. I! is

pro9!Wwd fnot cons i~riuv1e .ýa.,;a-go i-. !o be 0--od> ~'gte -ijv approach *kenover feasible, esop'caiol, '

, tw.;crtic Atu zc-4i*0es ntor-ý" -1 tle p'roule'v of 6ra-vior 0i pirotectiv structures.
Ihe :ot reiable design is thoT ,. credhibl e0"rirnento evidence. The application of similitudte to

preeit~v •:onsf•.u,•on research cfterl U potential ws of prY;at this evIdewce at a consid•rable saving of roso-wch
time and etfort. This prospctie swirg is on eOMt;al , , M -5 • tha particular denteods far irgenc, and

econo", inelirent to the ffeld,
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A SIMPLIFIED SOIL STRUCTURE INTERACTION MODEL TO
INVESTIGATE THE RESPONSE OF BURIED SILOS AND CYLINDERS

by
C. J. Costantino*, R. R. Robinson*", M. A. Solmon'*

A BSTRACT

This paper preserts a summary of an appruximate soil structure interaction model applicable to the problem of
buried flexible circular tunnels and silos, subjected to air blast irnuced ground shock. Comparisons of the theory with
some experimental results are presented. More complete experimentai results have recently been obtained arid ore ct-rently
.n the proc.-ss of be;ng analyzed. Application of the theory to several problems of interest is made, arid particular design
information evoived from the analysis is indicated.

INTRODUCTION

In the design of protective underground structures, designers are faced with an apparently overwheiming task.
From a rather vague description of the threat against which they must protect, designers must evolve designs of such
structures having very few tools of analysis at their dikposal, the most important of these tools (and one which cannot be
underestimated) being engineering judgement. The current state of affairs is similar to that which existed prior to the
evol.tion of elementary beam theor/.

The major difference between the two time periods is that in dealing with conventional structures
a. the engineer had a mass of experience to fall back on, and
b. his design, once built, could immediately be put to the test.

Clearly, both of these factors are missing from the current state of the art of protective design. Although, through both
experiment and analysis, advances are slowly being made, the designer is faced with a problem which must be overcome
now and which involves nuge expenditures of money. Most significantly, also, a high degree of confidence must be
assigned to the design to ensure that the structure will adequately perform its most important function.

In this report, we would iike to describe an analysis which has been used to investigate the response of circular
flexible tunnels and silos, subjected to nuclear induced ground shock waves. Although the approach is clearly approximate,
it is felt that, from a design paint of view, it suitably describes the phenomena invo!ved, and can be a useful design tool
to predict the gross response of such structures. Comparisons of the anal/sis with some experimental results are also pre-
sented.

GENERAL FORM OF DESIGN INPUTS

The inputs usually given the designer to describe the environment can be summor' 2d as follows. A weapon size
and ground range (or overpressure level) are specified against which the str.ucture must survive. Associated with this
environment is a design shock spectra which purports to describe the severity of the ground shock to which the structure
will be subjected. Figure I is a typical example of such an input spectra. In general, depth effects are taken into account
by suitubly reducing the high frequency portion of the spectra with depth.

It is well Lnown that the shock spectra formulation of the input data is incomplete and is not a uniqje characteri-
zotion of the free-field shoc'. diisplacement-time history. In addition, the variation of the spectra with depth is based upon
relatively meager experimental data and includes a significant amount of engineering judgement, or "feel" for the problem.

The other conditions sp,- ified for the designer include information on site conditions (soil properties, water
levels, etc) as well as thermal and nuclear radiation levels to be expected at the surface. In this paper we will neglect
the radiation aspect as we are primarily concerned with the structural response problem.

Fr-)m this information, the designer is expected to evolve a structural design which will, in general, satisfy two
primary requirements, namely,

a. The structure will remain intact both during and after the application of the free-field ground shock;
b. the motions transmi'ted to sensitive equipments and personnel housed within the primary structure will remain
within tolerable levels.

Satisfaction of these two criteria of design will ensure that the structure will perform its intended tunction before, during
and after the attack. Other conditions which must be considered in the design include the number of attacks which the
structure must withstand, time after the attack when the structure must be operational, etc. ; and again, although

TIr'eearch Engineer, lIT Research Institute, Chicago, Illinois
**Research Engineer, lIT Research Institute. Chicago, Illinois
***Senior Scientist, lIT Research Institute, Chicago, Illinois
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important, these will not be discussed herein.

ANALYTIC INVESTIGATIGATION OF SILO AND TUNNEL LININGS

It is clear that a rigorous treatment of a cylindrical shell of finite length embedded in a semi-infinite continuous
soil medium presents considerable an•alytic difficulties and requires a major research effort extending over a long span of
time to provide the design information ultimately desired. We ore currently in the early stoges of such c development,
what with the various elastic, (I,2) elastic-plastic (3) or finite difference (4) solutions obtained for particular aspects of
the problem. Some of the prime difficulties encountered in such an analysis are the existing lack of detailed knowledge
of the free-field env;ronmenr, as well as the uncer-tanties involved in determining the response of soil to load, both

static, and dynamic.
Despi.'e this shortcoming. it is possible to identify factors which principally affect silo and tunnel lining response.

Consider the deformation imposed on a vertically oriented rylindrical column of soil in the free-field, sufficiently far
removed from near ground zero effects. The principal deformations of the soil column (Figure 2) are:

a. shortening of the cylinder diameter in the direction of the blast-induced wave
b. horizontal displacement of the circular cross sections
c. vertical strain.
If the soil cylinder is replaced by a structural lining, the initially circulor cross section is deformed (flattened),

producing hoop bending and direct stresses. The variwtion of horizontal displacement with depth causes longitudinal
bending and shear stresses in the lining, while the vertical soil strain develops longitudinal skin friction at the lining

surface.
Corresponding effects are present in the cas e of horizontal cylinders (tunnels). That is, the displacements of

the soil tend to flatten originally circular cross sections, produce longitudinal bending stress, and generate compressive
axial forces in the lining. The last two effects are judged to be much less significant for tunnels than for silo linings since
they can be reduced or eliminated by the use of expansion joints. The quantitative determination of the response of silo
and tunnel lining0 to these effects has •een the primary objective of past and current studies (5,6). In the followring
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discussion, we will neglect the influence of longitudinal skin friction effects and consider only the response of the shell
to radial loadings.

The loading on the structure is assumed to consist of the following radial components:
a. the free-field stress,
b. a stress dependent on the displacement of the liner relative to the free-field radial displacement,
c. a stress dependent on the velocity of the liner relative to the free-field radial velocity.

Thus the radial stress at a point on the cylindrical surface of the shell is written as (Figure 3):

a = + kl(w -w)+s(w -w) (I)r 0 0 0
where

Sr = radial stress applied to cylinder
a = free-field radial stress
ow = radial displacement of cylinder
w = radial velocity of cylinder
w = free-field radial displacement

Ow = free-field radial velocity

The proportionality factors k and s (foundation modulus and damping coefficient) will be discussed in a following section.
Considering the free-field stress and displacement conditions (Figure 3), the variation of the compressive stress

in the x-direction, 17x, can be written as

f I (x-ct) for (x-ct) < 0

x

0 for (x-ct) > 0 (2)
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X

Distance
Free Field Stress Wave

Ground
-ct Shock
- Front

Free-Field
Stres s

x

£ X
.y o

U-J
e•4 •-Shock

Free-Field Velocity, c
Strain

Shell Coordinatos

Fig. .3 Free Field Stress, Strain and Shell Coordinate System

where fI(x-ct) is a specified free-field stress function which depicts the actual passing stress wove. The compressive

stress in the y direction 0" , is assumed to be equal to 00" for all values of x in the free-field, that is, it is assumed

that Y x

a. the "biaxiality" ratio, • , remains constant for all stress conditions, and

b. the soil is always in a state of plane strain.
The free-field strain in the x-direction, C., is some function of the applied stress, oxf, obtained from

experiment, or

f2 •' x .. )(3)x 2x x
Ma~x

The displacement, in the positive x-direction, of a particle originally at the point x is given by
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I E dx for (x-ct) < 0
U =

for (x-ct) <0 (4,

Since E y=O, the free-field radial displacement is simply the radial component of the displacement u, or

w = a cosQ (5)

while the free field radial velocity is

w :, cosQ (6)

The radial stress component, O0>o that would act on the cylinder were it to move with the free field is

-o rT {( + (I-A cos 20 (7)

EQUATIONS OF MOTION Or RING

Once the applied load on the cylinder is known, the response problem follows in a straight forward manner.
We will briefly outline the procedure if we are considering plane elastic deformation in the plane of the ,ing. The

radial and tangential shell displacements con be written in modal form as

w = a cosnQ
_0 n

SI a n. (8)
n nn=l

where inextensional bending behavior of the shell has been assumed. The term a represents a pure radial or breathing

mode, the term aI a rigid body displacement, while the terms a (n ( 2) the bending modes.

Writing the applied eres in the form

C' = t p cos n 0 (9)

the modal equations of motion for the ring can be written as (7)

Mn 6n n n Cnpn (n=, I ... ) (10)

where m n m mm m (n+1)

b I ) , bI 0
o a 12 a

- 3
b Eh (n2 I) 2

n 12oa

cI 1 1/2, c. = I(n/l)

m the shell masu

h : the shell thickness

f :the shell modulus in plane strain

If it is desired to include the effect of hoop stress on the bending displacements, these coefficients may be modified
to b -•3 2(I

t bn :-"-- (n2 1) 2 P (n-2I) (n 5 2) 
(1l)

In any case, this serves to point out that the response so!ution con be rather easily obtained, either analytically or
numerically, once the parameters k and s of Equation I are specified.
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SELECTION OF PARAMETERS

It is shown in Reference 8, that, in the analysis of the response of a cylindrical shell submerp-ed in an incom-
pressible fluid, the interaction between the fluid and the shell can be completely accounted for by rme addition of a
virtual moss to the actual shell mass. This virtual mass is given by

n

n 41 
(12)

where P is the medium density, a the shell radius, and n the displacement mode number. It would thus seem appropriate
to use some fraction of this virtuai mass for an underground structure.

There is no experime; il data on which to base the selection of the value of s, the parameter relating changes in
loacd to relative velocity. The choice of s determines the magnitude of the jump in pressure at the head-on point
(9 = 00) at t = 0. There is, as yet, no specific evidence that such reflection effects exist in soil. However, for an elastic
medium, the reflected pressure would be twice the incident pressure for the case of normal incidence of a compression wove.
To obtain this result from this analysis, a value of s = p c (13)
would be required, where c is the velocity of the wave front.

The last parameter which must be assigned is the foundation modulus k. Static load tests on culverts ranging
from 30 to 84 inches (9) in diameter indicate that the foundation modulus is a function of the cylinder radius, a. Values
of the quantity ka seem to be constant for a given soil condition. Values of ko •> 200 psi are cited for various types of
soil backfill. Values of the compression moduli and density of the fill material are not given so that it is difficult to re-
late the observed values of ka to other soil properties.

Watkins (10) obtained values of ko ranging from about 2300 to 3700 psi for various mixtures of silt and clay.
These results were obtained from tests on 3-7/8 inch diameter cylinders. Increasing values of ka were observed with in-
creasing density of the soil, so that, as would be expected, ka increases with increasing values of the soil compression
modulus.

The plane strain solution for the displacements produced by the application of a radial pressure varying as
cos n 8 to the boundary of a hole in an infinite elastic medium (11) leads to

E for n =0

ka = 0 for n = 1 (14)

(1-2 ) (n2-) E forn=2
(I-v) [(2um I) n 2(n&i )iJ Pc f onR2

where E is the elastic modulus in confined compression of the me um and . is Poisson's Ratio. Thus, for an elastic

medium ihe foundation modulus increases with increasing mode number (for n >2) and is directly proportional to the
modulus in confined compression. The solution for n = I (rigid body displacement) yields a foundation modulus equal to
zero. That is, there is no resistance to the displacement of a hole as a rigid body in on infinite elastic medium. This
effect can be rather easily included in the stress determination of Equation I by using the relation

a'= ,+ k ~w -w -W ICosQ 45 + W.W (15)
where WI is the first mode component of the relotive displacement (w - w) or

WI= (w - w) cos 0 d 0 (16)

It is clear that the utility oý the proposed method for the analysis of the response of silo and tunnel linings to
blast-induced loadings can be best established only by demonstrating agreement between predictions of the anrlysis and
experimental results. At this titre, we are just beginning to evolve applicable experimental results, some of these being
as follows.

Stress-Strain Behavior of Sands
Since the foundatiro modulus is dependent upon the confined modulus of the soil, some static one-dimensional

consolidation tests have been performed on a Standard Ottawa sand (since this sand was used in buried cylinder tests)
to determine its stress-strain behavior. The tests were performed at a high density (80 to 90 percent relative density)
and a loose density (10 percent ,Ilative density) with pressures up to 300 psi. Both loading and unloading cycles were
included. The test results indic-,ted that the stress-strain behavior could be approximated by
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BL

LouJing: or A L

Unloading- = c- g min B_ (U)
omax L I 4 max Zin

Emin = CU Emax

where OC is the maximum previous stress to which the sample was loaded, e Max is the corresponding maximum
strain, anafax fmin is the residual strain remaining in the sample upon loading. The parameters found from the experi-
ments for boththe loose and derse condition are given in Table I.

TABLE I
SOIL PARAMETERS

Parameters Loose Dense

AL' psi 2.08 x 105 3.18 x 105

BL 1.751 1.704

B 2.038 2.694
U

C .503 .227
U

Thus, as would be expected, the confined modulus (and the foundation modulus) of the so! *s strongly dependent upon
both the stress level to which the soil is subjected as well as its loading history. Preliminary results on similar dynamic
tests (12) indicate negligible dynamic effects, at least for stress levels below 500 psi.

Static Buried Cylinder Tests
The results of a series of buried culvert tests in a variety of soils (13) has led to the Iowa formula for determining

diameter changes, which is

1.5 oa

70-+ . ko (18)

where A is the vertical diameter change, and o is the applied static overpressure. The static solution from this
analysis yields the result 0

9 '0~ ~ k q/E C)

=02ko (19)

Comparison of Equation 18 and 19 indicates a significant agreement between theory and experiment, at least for the static
problem. Thus, selection of the foundation modulus can be made from these experimental results (13) for the various soil
t PCs tested.

Dynamic Buried Cylinder Tests
A series of dynamic model tests of flexible buried tunnels has recently beem completed (14) and comparisons

between theory and experiment are currently in the process of being madle. Unfortunotely, no iniormation is currently
available for presentation.

APPLICATIONS OF THE THEORY TO PRACTICAL PROBLEMS

It is clear from the preceding discussion that it is not possible at the present time to assign precise values to the
parameters on which the solu ion depends. Nevertheless, in the interim, something is to be gained by an investigation
of the nature of the solutions giver, by the method and by the study of the effects on these solutiom of variations in the
parameters. We will indicate various applications to which the solution has been applied and same of the interesting
results generated for these problems.
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Buried Flexible Tunnels Subjected to Step Pulse Loadings
Table 2 contains the results of on analysis to determine the response cf buried concrete tunnels engulted by a

step pulse pressure wove. The three parameters (virtual mass, soil damping, fou,'dation modulus) were varied over a large
range to cover the extremes of values most likely to be encountered. In addition, three values of the radius to thickness
ratio were chosen to cover the range usually found in protective structures. The response value shown is the ratio of
diametral shortening to cylinder diameter, a meas'jre of the developed bendirng moments. It may be rnted that the dynamic
load factors obtained from the solution are generally less than 1.4, except for the cases where no soil damping is included
(a highly unrealistic condition). Thus, these results indicate that, with the application of a low dynamic load factor,
an analysis for static loading is adequate for the design of such structures of interest. Similar dynamic load factors were
obtained for peak lining stress as well as applied pressures. Figure 4 contains a typical example of the pressure applied
to the cylinder with time.

Static Solution

0 0

S=.4

Static Solution .Z7--

9 4

z

0 1234 S 6 7 8 9 10

Nondimensional Time, ct/a

Fiq. 4 Pressure-Time Variation (Case 24 of Table 2)

Static Buckling *f Buried Tunnels
The anialysis indicates that the pressure required to cause the cylinder to buckle in the first bending mode (n-=2)

is 2 kI 0a2

cr 1- F - r / k (20)

c
c -3

where a7 is the ordinary buckling pressure equal to 3 El/a . From this result, it is seen that for reasonable values
of ka, 0ra the buckling strength is much higher than the applied overlressures encountered in practice. In
addition, it indicate that the influence of direct stress on bending can generally be neglected, simplifying the shell
problem that need be investigated.
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TABLE 2

MAXIMUM DIAMETRAL SHORTENING FOR STEP
PULSE APPLIES TO FLEXIBLE TUNNELS (Ref. 11)

NE

• • 8.. u
0

C--E

Case No. ka K Mv s/?c a/h Static DLF

A

I 5000 0 0.5 10 .01323 .98
2 1 .2 ZS 1.06
3 .125 1.11
4* 0.0 1.24

5 0.5 0.5 1.04
6 .25 1.21i
7 .125 ' 1.36
a 0.0 1.63

9 IZ,12 30 .01937 1.2Z40 1 , 0 .01867 1.25

1! 2000 0 0.5 10 .01985 1.9

1 .125 1. 11

13 0.0 1.39
14 .45 .2S 1.16
15 0 . 1205 1.39
16 0.0 1.81
170 125 30 .04563 1.21

18 3 20 .04084 1.21

19 500 0 0.5 10 .02943 .89
20 I | 2 5 1 .98

21i .12 1. 14
22 O. 0 1.74
23 0.5 .5 { .9124 I .25 1.0915 .125 1.32

26 I 0.0 1.81

27 I .125 30 .03866 .411
28 1 20 .1836 1.671

Applied Loads and Motions of Vertical Silos
Thhs approchc for tc'k.'ng intu account the soil-structure interaction phenomena has been used to investigate the

response of vertical silos (6) to engulfing ground shock waves. For this problem, the design input data was given in the
for m of free-field shock spectra. To convert thi;s data to useable input for the analysis, a family of simplified ground
shock wave forms were evolved which developed the given input spectra. The information required for the design of the

structure was

1. loads applied to the silo structure
2. motions and acceleration% transmitted to sensitive equipment housed within the silo
3. characteristics of the equipment isolation syste*m to minimize "rattle" space requirements while maintaining

pock accelerations within tolerable levels.
For this particular problem, it was found that the motions sustained by the key equipment within the silo were fairly

insensitive to the particular values of the foundation parameters chosen. This was due to the fact that the silo in this

case was housed in an extremely stiff medium. A typical result of this analysis (Fig',re 5) shows the displacement history

for the silo and the free-field at the top and bottom oif he silo. The silo displacements 3t various depths were then used

to determine in-silo shosk spectra at corresponding depths. Figure 6 shows the resulting in-silo and free-field shock spctra

at the surface.

311



I P .. \/ !r e F d

2..

Fig. 5 Silo and Free-Field Displacement Time History

Such information is adequate for the design of simple isolation systems for equipment mounted directly to the silo wall.
Previous to this approach, the on!> ~iternotive open to the designer was the use of an empirical "structural attenuation
factor" to decrease the high frequency end of the free-field input spectra to obtain input spectra to equipment.

Studies of Foam Encased Structures
Currently under way at IIIRI is a series of dynamic experiments to determine the response of buried flexible

tunnels encasea in crus'nu~zle foo~m ..clto- mtmrý " , uii.y~ts tone css .,c,;~ tmnuflpt.. PiOldfurr, ý - en .ievelopedi

based upon this apprach to the soil-structure interaction problem. Preliminary comparisons of an~alytic and experimental
results indicate a significant agreement as to applied pressure ;oadings, shell response and percent crushing of the isolation
material. Again, these results will be reported upon when further studies are completed.

S UMMAAR Y

We have tried to present a summary of an approximate soil-structure interaction model applicable to the problem
of circular buried protective structures, as well as some of the problems to which this model has been applied. We would
like to emphasize again that the primary objective of this approach has been to provide a more complete tool to designers
of such structures than currently exists. Naturally, as more information, bath anaiytic and experimental, becomes
available to the designer, the model can be further improver1 and m-de more cjpplicable to the problem at hand.

From some of the problems to which this model has been applied, it has been found that although the several
open parameters involved cannot as yet be precisely specified, significant design information can be developed.
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THE EFFECT OF PORE &IR PRE):REI. ý' SOIL-STRUVCTuRE lr4TERACT!O!r:
L Y

Defurý ýIurnptorn"

AB3TRACT

All tests .,ere conducted in a 4 inch diameter shock tube, aord the propagation of pore air pressure in samples of

soil subjected to a shock wave was studied. The soils tested were a uniformly graded pea gravel, a standard 20-30 Ottawa

sand, and a well-graded silty sand. The orientation of the shock wave to the soil sample was head-on, and the maximum

overpressure on the upstream end of the sample ,as approximateli 126 psi. The effect of peak overpressure, permeability,

and total impulse per unit area was ascertained. The data are reviewed in the light of their effect on laboratory experiments

utilizing shock waves to load specimens of soil.

iNTRODUC TION

A great amount of time, money, and effort has been and is being expended to obtain a better understanding of

soil-structure interaction phenomena. Much of this research is conducted in the laboratory where soil specimens containing
gaugeý -r 5mall buried structures are loaded by shoci, waves.

When a shock wave oasses over the scil, air i: f.orzý J uto the pores of the Soil and pore pressures are created. If

the soil is dry, only pore air pressures resul, in partially saturated soils, both pore air and pore A^ater pressures are

generated; a-d in fully ,arH soils, pore pressures ar, caused by pore water only. Whatever the state of the soil, pore

pressures if transmitted deep enough will alter the stress state of the s.ail surrounding the buried structure.

The effect of pc-e pressures on .he effective stress at a given point in c mass of soil can be noted fiorn n equation
proposed by Bishop (1):

."r, '* - u + X -u 2 ) (1)

where Or denotes the total normal stress;
a,' the effective normal stress;

u I pressure in the gas and vapor phase;
u2 pressure in the pore water; and
I a parameter depending principally on the degree of saturation of the soil.

the value of the parameter, I , is unity for saturated soils and zero for dry soils. Furthermore, it should be notad that

for extreme values of i , Equation I reduces to the form of that originally proposed by Terzaghi (2) for a two-phase system.

It is apparent from Equation I that if significant pore pressures are developed by air entering or attempting to eter

the pores of the soil, then the stress state of the soil will be altered. To understand soil-structure interaction phenomena,

one must be able to evaluate the magnitude and nature of the stress change. To evaluate this stress change, one must also

be able to evaluate the pore pressure in any given mass of soil, at any given point resulting from a sho& wave with any

given pressure-time history at the surface of the ground.

In addition, if one is to use data from laboratory experi;mwnts to predict phenomena which occur under full-scale

coa.ditiuns. And if significant pore pressures are developed in Inborat-.r, experiments, whether they are pore air pressures,
pore water pressurem, or a ,.,b;,,u1#vo uf pue uti unu pi water pressures, tmey have to bear the appropriate scale

relationship--which is practically impossible.
Seed and Clough (3) acknowledged the difficultý of modeling pore water pressures in cohesionless soils: "The

writers presented this analysis to emphasize the extreme importance of pore-pressure effects in model testing and the

potential dangers of attempting to incluue them it n test program. It ii doubtful if techniques could ever be developed

for correct modeling of pore water pressures in cohesionless materials and it the present stage of knowledge the only

recourse seems to be the elimination of the p-oblem by using only drt cohesionless materials for model construction."
Although this statement refers to pore water pressures in particuJlar it is also applicable to pore pressures of all types.

From the above disc ,ssion it is apparent that the distance of propagation and the magnitude of the pore air

pressures in soil specimens loaded by shock waves aie of prime importarnce. If the penetration is deep enough to produce

significant pore air pressures in the vicinity of a buried strcture, the stress state of the soil surrounding the structure wiYl

*Research Associate Engineer, Air Force Shock Tube Facility, University of Ne, Mexico, Albuquerque, New Mexico.
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ýPpl'x lei , -e' 4: ` $l5T f t. A. Vv-iL be ei~e, ea

,'n,'• , the ei - e '" is .r;LIeC' -nd the ;ocý o, v-- r :mation about it, UrLiversit, of Ne., tAeAiCo personnel

-t tve Air Force Snh .- Tube Foý_Jlt, ,,stit teo a reseiori- program to explore it. The experimenta, program was conducted
in *ke 4 inci, diameter, compressed-oar-d;e, seck t1,be which Produced a shock wove that strikes the sample head-on.
The maximum pr:,zsure at the .,pstrearn end ot the sample 'Vas approximately i26 psi.

It should be noted that all pressures In this report are gauge pressures. In extrapolating the data to other atmos-
pheric conditions, one mrust take into consideration that the average barometric pressure at the test site is 12 psia.

The soils used in this study were pea gravel, 20-30 Ottawa sard, and a well-graded silty sand, their basic pro-
perties will be given s-,bsequently; and all ,ere tested in an air-dry condition.

SOIL PROPERTIES

Grain'-Size Distribution
Pea gravel and Ottawa sand are uniformly graded soils, and their grain-size distributions are given in Table 1.

Table I

GRAIN-SIZE DISTRIBUTION OF PEA GRAVEL AND OTTAWA SAND

U.S. Std. Size of opening Percentage passing
sic'e Nc. (inches) Pea Gravel Ottawa sand

- 0.375 99.24

4 0, 187 17.90
10 0.07•7 0.96 100.00

0,0311 - 99,43

30 0.0232 - 5.78
40 0.0165 0.12 0.03

100 0.0059 0.04 0.00

200 0.0029 0.00

The grain-size distribution of the 1 i v

silty sand is shown in Figure 1. t
It can be seen that approximately

47 pcocnt ;3 .,,, :nuti 0.'224,
(upper limit of the silt-size go

p•rticles) and approximately
7 percent finer than 0.002 mm

(upper limit of the clay-size
particles).

SI .... :, . . . . .

ZO+ -o .. . . . J

Particle dtowto, wr. w

Fig. I Grain-Size Distribvtinn Curve (Silty Sand,
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'ARIATIOr'NS I,4• SOQIL SAMPLES TESTED

Ottawa sand Pea jravel

"max (lb c. ft) 1 1.6 107.4

min (lb, cu ft) 111.9 105.0
e •C .4 0.52
e~l 0.47 i0.54
max _ .

An attempt was made to determine the effect of a change in void ratic on the propagation of pore air pressure
through samples of the silty sand. The extent to which the void ratio could be controlled can be seen from Table 3.

Table 3

VARIATIONS IN UNIT WEIGHT AND VOID RATIO OF SILTY SAND
SolcniinSoil proper tj --

SUin condition -l- 
-b- .u.ft. Void ratio

max 97.6 emin 0.72
Loose m in 94.8 emoax 0.77

1 max 105.8 emin 0.63
Dense Ymin 101 .2 emax 0 . 6 6

It should be emphasized that these data indicate the extreme variation of the properties considered, and in most
cases the variaton was rmcch less. It was therefore assumed th)at the properties of all samples tested are the some for a
given soil type and relative density.

Permeabil it
Tests were conducted to determin- :he permeability of the soils to water. These werf done with the constant head

permeameter for the pea gravel and Ottawa sand, and with the falling head permeameter for the silty sand. The results
are presented in Table 4.

Table 4

AIR-DRY UNIT WEIGHT AND PERMEABILITY OF SOIL SAMPLES

Air-dry unit Permeability, k Physical
Soil weight, )( (cn'sec) permeability, K

(ib; cu ft) (c 2)

Pea gravel 107.0 0.232 2.34 x 10-6

105.0 2 °24, 2.50 x 10-6
Ottawa sand 112.0 0.060 6.06 x 10-7

111.0 0.061 6.16 x 10"
Si0.y sand 109.5 0.9/I x 10-4 9.81 x I_0I0

Atterbe! Limits (,nd ydroscopic Moisture
Tests were conducted on tle sift', sand to determine its Atterb,..rg limits and hygroscopic water coantent. The

Atterberg limits were determined on the -'iuerial pasting the No. 40 U. S. Standard .ieve. The liquid limit V'as fouand to
be 21.4 percent and the plusticity inde)., 1.9. Tnr hyr(•,spii. moisture content was 3.2 )ercent.
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The sod-i71-test se- tsr ý; ,T% 4 V ie n~ s,,- Ir'1 Ji-j"'c r -,s t-r sýe ~ue . At t:e star? iof sr)-ple pre-

p,;ratni-lr ''e soii-fest sectio)f -- is l i nei v erftif j, UO$s iC',) tho en,' .. 15 Coveifed ^ t. j fire ncsr, to retain the soil,

a'ijr rested on the floor. A ,4o.. 30 sieve ,crevr- ,as seae to holad the sa-iple of Ottawa sand, a No. 4, for the peu gravel,
and a laNo. 250, for the silty sand.

The Ottawa sand was paired throogh a funnel into a 2 inch diameter radiator hose, to the bottom of which was

attached a wire mesh. The mesh oistribited !he falling sand and forced it to rain Jown" on the soil surface, producing a

high relative density. The some procedure was used for the pea gravel, except that the screen and hose were omitted.
rhe Ottawa-sand and pea-gravel samples produced ;n this manner were a minimum of 6.13 feet long for testing in

the 4 inch shock tube. A screen oi appropriate size was placed over the upstream end of the sample and held in place by

screws. The test section was then attached to the shoci tube.

In the case of the silty sand, a given amount (2 kilograms) wcs dropped in the test section. For the dense state,
the sand was compacted by 25 blows of a 10 pound weight dropped 18 inches onto a metal plate which covered the entire

surface of the soil. The process was repeated until a sample 3.13 feet long was obtained. The end of the sample was then

covered with a screen and attached to the shock tube. The loose state was obtained by dropping the soil through a funnel

placed at the upstream end into the soil-test section until the desired length of sample was obtained.

Test Setup
The basic test setcup is shown in Figure 2. The lower portion of Figure 2 shows the gouge station numbers and the

distance of the gauge stctions from 'he upstream end of the soil-test section. The shock wave is produced by rupturing a

membrane which foms one end of a compressed-air driver chamber.

For the tests on gravel, one specimen wos used for a ccmplete series of shots. This proved feasible because no

disturbance of the spec;,len was noted. Furthermore, this approach was justified experimentally.

However, for the tests of the Ottcwa sand and the sioty sand, a virgin sample was used ior each shot. A series of

shots consisted of testsat nominal reflected pressures of 20, 40, 60, 70, 80, 105, and 120 psi or, the upstream end; the

(a) "4-inch shock tube

Compressed-air hamher

Soil-test section Diaphragm

a

t f

UJ

(h) Gaouge I oajt in, for .- L.h iind .'- ,h u, c

ok at It ' r

-- w '.lf, ii-
- -'.1 3' -

p. Li~t' ,,

- • . "

Gaug L '2 ' L •.... * 2

Fig, 2 Schemotic Diagrar of Test Setup

318



SIMILITUDE AND MODEL STUDIES

resulting shock waves reflectl.ij at the sample interface were monitored by n gauge Immediately prcceding the sample.

Irstrumentation
WIntiaTly, barium titanate gauges were used in the soil-test section to measure the pore air pressure. These gauges,

asembled in the Electronics Laboratory of the Air Force Shock Tube Facility, were covered with a No. 30 sieve screen
(Figure 3). There was an air gap of 0.030 inch between the screen and the sensing element.

Nylon 1/4 in.
housing - Screen

Cavity in Epoxy potting
potting

Piezokr tric /Nylon diaphragm 1 in. hexagonal head
clystal

0.-.21 in. 1/2 -20NF

Draes case-Sensing eleent 3/4-l6NF

I ~---Stainless Miroo 3-0 * 9/32 in.

steel case connector Wire mesh

Lead wires

Amipheno .
connector

(a) Barium titanarte (b) Granath ST-2 (c) Grommet

Fig. 3 Schematic Diagram of Gouges and Grommet

Granath ST-2 gouges, manufactured by Susquehanna Instruments Company, were used in all tests to monitor the air
shock pressure in the section upstream with respect to the face of the sample. The monitor gouge was 2-1/2 inches up-
stream of the test section in the 4 inch shock tube.

The barium titanote gauge (Figure 3a) proved satisfactory for measuring pore air pressure in testing the pea gravel.
However, it proved unsatisfactory with the Ottawa sand and silty sand because the screen was forced against the sensing
element, cnd the gauges registered a otal stress Instead of pore air pressure. Consequently, another method of measuring
pore air pressure was required.

It was felt that the principal fault of the barium titanate gouge resulted from the method of mounting the screen
over the sensing element. A more effective method of isolating the sensing element of the gouge from the soil was sought.
A grommet was made to hold the gauges, over the end of which wire mesh could be cemented. The distance between the
mesh and the gauge was 0.020 inch.

To increase the accuracy of the measurements, the Granath ST-2 gauge was substituted for the barium titanate gauge
because the former has much less cross-axis sensitivity.

The new combination of grommet and ST-2 gauge proved satisfactory, and it was used to measure pore air pressures
in all tests except those on pea gravel and Ottawa sand, a No. 30 sieve screen was used across the end of the grommets;
and for tests on silty sand, a No. 250 sieve screen was used to isolate the sensing element from the soil.

For a more comprehensive description and explanation of the instrumentation, see Reference 4.

Data Recording and Processing
The data were recorded on magnetic tape with equipment whose frequency sensitivity ranges from DC to 20 kc.

The data were taken from the tape by two methods. The first was to play the tape through an oscilloscope and take
Polaroid pictures of the data channels. The second was to obtain a complete and simultaneous visual record of all
gauges by playing the tape through a light-sensitive, multichannel recording oscillogroph. The second method allowed
the observer to relate the performance of the gauges in time and to see the entire history of the event.
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RESULTS

General
When the shock wave striles the soil, air is forced into the pores. In practically all cases, the rate of transmission

of the air tnrough the pores of the soil will be significantly less than the initial rr-'. at which the air is being introduced.
Consequently, near the upstream end of the specimen a buildup of quasi-static pressure will occur which may possibly in-
crease the pore air pressure above the input pressure at the air-soil interface.

If the magnitude of this quasi-static pressure becomes appreciable, it would significantly alter the rate of attenu-
ation, i.e., the essentially exponential decay shown in Figures 4 and 5 would not be valid.

E E_ E E EIO
E1E2 E3  4 6 9 10
i Maximum reflected iýIerpress:v, psi

O17 126.1

120 -- . . . + .... 1028.5

78.

] ,• . . .. 38 .-4

i.1
000

4 V 14
,}, i

20 s1

" 0.97 I1 .3, 2 1 3 3 IH 4.1 5.1 h. i3•

Penetration, fteet

Fig. 4 Pore Air Pressure Vs. Penetration (Pea Gravel, 4-Inch Shock Tube)

The first qauge station was at a penetration of 0.22 foot. As a result the magnitude of the pore air pressure at
shnKIower penetrations i rnot known. Additional research is needed to clarify the effect of quasi-static pressure on the
pete air pressure at shallow penetrations. The data did not show evidence of the build-up of quasi-static pressure. In
instances ,,e the data points lie above the established curves, evidence in the following sections shows the gauge to be
rieasuring i combination of soil and pore air pressure caused by the screen which covers the gauge having been forced
bock onto its sensing eleent.

Input Wave Shape
Figure 6shows a typical trace from a monitor gauge in the air-test section ahead of the upstream end of the sample.

Three possible input pressures could be used in analyzing the data. In order of increasing magnitude, these are 1) the
incident pressure, 2) the reflected pressure, and 3) the pressure resulting from the cold gauge, represented by the peak of
the curve.

The first two points need no explanation, but the third requires clarificution. When the membranL breaks, two
distinct fronts develop and each travels at a different veiocity. The faster of these fronts, the hot-air fronw, results from
the air originally in front of the membrane being compressed, and it travels at shock velocity. The cold-air front,
resuliing from the expansion of the air in the combustion chamber, travels at the particle-flow velocitj,.

Consequently, the monitor gauge first registers the initial passage of the hot-gas front. Before any decay can take
place, the hot-gas front has reflected from the upstream and of the soil sample, and this reflected pressure is applied to
the monitor gauge. Finally, before significant decay of the initial reflected pressure can occur, t+- gauge also feels the
reflected pressuie due to the cold gas. Since the cold gas hao the same particle velocity but a higher density than the hot
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Fig. u Pore Pr-ssure Vs. Peiietration (Ottow'- Sand, 4-Inch Shock Tube)

gas, it reflects to a highcr ores5.Jre. The Maxim•rr pressure reflected
by the monitor gauge ;ý :.onsidered to be rhe in ut to the soil sample
and will be known c, the ovemtressure o, rev,:icted overpressure. The
maximum reflected pressire aos chose'i ac a reference because it was
felt that it would relate more clc'ely to t'ie pore air pressure as
measured at each gauge statio,,.

The upstream section of tre 4 ir'Th shock tube representi a
confined column. As a result, the shoak wave reverberates in,
approximately, a 30-msec cycle. Therefore, in establishing the

relationship between pore air pressure and penetration, only the
maximum pressure occurring in the first 30 rsec after the onset of the
puke was considered.

In Figure 7, one can observe the change in shape of the
prc-urt: versus time curve a! the air pressure resulting from the shock
penetroies the sample. Even at a penetration of 0.22 foot the initia! Sweep speed: 5 msec/cm
air shock h is degenerated into a slow-rising pressire pulse (rise time Vertical sensitivity, 100 mv/cm
cf oa ;io~imaitl> 9 msec for the trace shownl. For u penetration of Maximum pressure: 64.4 psi
1.3c. fo•t t'e -ise time I. more than twice that at a penetcation of
0.2 ^ toot, ,Iiile the peak pressure hc s decreased, approximately, by a S o i S of inito P euT res
factor at ten. Although the data shown are for C+tawa sand, the Showing Shape ot input, Pressure-
general pattein ;, si-ilar for the other soils tested. vWc~ve Form

Fiqure• 6 o;', / also clearly show the affect of the closed, upstream end of the shock tube. One can readily see
!hat the sample w',. being subjected to a reflected wave. As a result, in unalyzing the data, onl/ the first 30 msec were
considered valid. This was especially important for those rc-ords on which the time of arrival of the reflections could
not be discerned. This normally occurred at penetratio,,s of 3.13 feet, but for relatively low incident pressures, it also
took place ot penetrations of 2.13 feet.

At least two tests were conducted at each overpressure level to check the repeatability of the data. If reasonable
agreement was not obtained between the two, an additional test wo5 conducred.
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(a) Penetration, 0.22 ft. (b) Penetration, 1.38 ft.
Sweep speed: 5 msec/cm Sweep speed: 10 msec/cm
Vertical sensitivity: 100 mv/cm Vertical sensitivity: 100 mv/cm
Maximum pressure: 37.9 psi Maximum pressure: 3.2 psi
Fig. 7 Wave Shape at Penetrations of 0.22 and 1.38 Feet (Ottawa Sand, 4-Inch Shock Tube)

In all tests the maximum pressure on the upstream end of the sample (zero penetration) was assumed to be the same
as that recorded by the input air-monitor gauge (2.5 inches ahead of the upstream end of the sample).

Pea Gravel
The data obtained from the testing of the pea gravel in the 4 inch shock tube are shown in a plot of measured pore

air pressure versus penetration (distance from the upstream end of the sample).
As can be seen from Figure 4, most data for penetrations of 0.22 and 0.38 foot (gauge stations E-1 and E-2,

respectively) appear significantly above the appropriate cirve. The data show that in practically all cases with a
penetration of 0.22 foot, the maximum pore air pressure exceeds the maximum overpressure.

To check the validity of these data, a series of tests were. run on pea gravel and on Ottawv sand with a plastic
membrane over the upstream end of the sample. In these tests the maximum possible pressure at the surface of the membrane
was 125.5, 93.0, or 38.4 psi. In each case, it was found that the first three gauges (stations E-1, E-2, and E-3 which
were, respectively, 0.22, 0.38, and 0.63 foot from the end of the sample) recorded a pressure.

The measured pressures could be caused by one of the following phenomena: 1) an increase in pore air pressure due
to volume decrease under the applied overpressure, 2) the gauge's measuring the results of soil pressure and pore air
pressure, or 3) a high-frequency shock generating on the other side of the membrane and quickly decaying. Because of
the magnitude of the measured pressure at 0.22 foot penetration (approximately 12 psi for a maximum pressure at the
upstream end of 126 psi) and because the membrane was in intimate contact with the sample, phenomena I and 3 are of no
importance to this study. It can thus be concluded that the gauges were overregistering, principally because the soil
pressed against the sensing element. The data discussed in this phase were obtained from barium titanate gauges without
grommets.

It appears that beginning at station E-4, 0.97 foot from the upstream end of the sample, the gauges were reading
only the effect of air pressure. Also, for the re-adings obtained at gauge station E-3 with 0.63 foot penetration, the
values of measured pore air pressure were not significantly affected by the soil pressing against the sensing element.
Approximately 126 psi on ;ie stjrface of the sample produced a maximum pressure reading of approximately 3 psi at
station E-3 when the upstream end of the sample was covered with a membrane.

As a result of the findings indicated above and in drawing the curves of Figure 4, the data collected at stations
E-I and E-2 were suspect (penetrations equal to or less than 0.38 foot). Therefore, those portions of the curves for a
penetration of less than 0.38 foot were basud on the shape of the curves at a greater penetration, i.e., assuming the data
obtained from stations E-3 to E-9 to be valid and using the data from stations E-1 to E-2 as an upper bound.

The data for overpressures of 126.1 and 20.4 p. do not follow the afore,•entloned pattern. The reason in the case
of the 126.1 psi shots is that they were the first two tes.-s in which these gauges %-ere used, and the space between the
sensing element and the screen was sufficient to prevent the registration of significant soil pressure. With regard to the
data from the 20.4 psi shot, the lateral effective stress in the soil was not sufficient to produce soil pressures of a
detectable magnitude, due to the isolation of the gauge.

From Figure 4 it can readily be seen that the excess pore air pressure produced by the air shock striking the sample
initially decays quite rapidly. For example, by the time the pore air pressure reaches station E-5, it has attenuated a
minimum of 67 percent. However, the remaining 33 percent requires an additional 4.4 feet for essentially 100 percent
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attenuation. The initial 67 percent attenuation Is accomplished In less than 1.38 feet. The data indicate that, under the
conditions of these tests, the pore air pressure In the sample will not be significantly effected by the shock wave at distances
greater than 6.13 feet.

The data presented In Figure 4 have been replotted in Figure 8. The latter established the relationship between the

0.8 Penetration - 0.2Ž ft

0.8

( 0 3.13 f

.38 ft

0. 20..40.60.80 0 .04 0 1 o 977 ft

0.2 - -

2, ~ ~~ ~ 2 ,I , , .13 f,{

020 40 60 8 0 100 120 140

Mjaximum overpressure, P . psi

Fig. 8 u/p 0 Vs. Maximum Overpressure, po (Pea Gravel, 4-Inch Shock Tube)

pore air pressure/overpressure ratio, ua/po, and overpressure for a given penetration.
The shape of the curves is interesting. It implies that for large overpressures the pore air pressure/overpressure

ratio reaches a constant value. In the case of the pea gravel, such a condition leads to the hypothesis that the rate of
attentuation with penetration is independent of overpressure--at least at the higher overpressures of the test. The data
cited above agree with data that Crist (5) obtained from tests on rock filters.

Table 5 shows the relationship between the attenuation factor and air pressure on the upstream face. The
attenuation factor, F, was computed as follows:

F = Pm - 00) (2)
Pm

where pm is the maximum air pressure on the upstream face of the sample, as measured 2-1/2 inches from the
upstream end of the s'imple;

u the gauge reading at a specific location along the length of the sample; and
F the attenuation factor (expressed as a percentage).
It should be noted that the attenuation factors shown in Table 5 are based on the curves of Figure 4. Table 5

also shows that, for the conditions of the test described, the attenuation factor is not greatly effected by overpressure
and, as a first approximation, may be considered independent of overpressure. The maximum value of the standard error
of the mean, as a percentage of the mean, is approximately 12 percent. Nevertheless, one should recognize that there
is a tendency toward a slight increase in the attenuation factor with an Increase in overpressure.

The magnitude of the increase in the attenuation factor with overpressure con be ascertained from Figure 9. In
this figure two curves are shown for the pea gravel, representing overpressures of 126. 1 and 20.4 psi. The vertical
separation of the curves is relatively small and lends credence to the assumption that, as a first approximation, the
attenuation factor can I>- .-onsidered independunt of overpressure.
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Table 5

AVERAGE ATTENUATION FACTORS (PEA GRAVEL)

Pene- Maximum overpressure at upstream and (psi) Std. error Percent-
Gouge tration Menof mean age

location (ft) 20.4 38.9 54.2 68.5 78.8 102.5 126.1 (psi) of mean

E-1 0.22 21.6 25.4 26.2 27.0 27.2 29.8 27.7 2.5 9.5
E-2 0.38 26.5 31.9 29.9 35.1 35.3 37.6 36.0 3.9 11.7
E-3 0.63 30.9 41.7 48.4 49.7 49.3 51.2 52.6 4.3 9.3
E-4 0.97 51.0 60.0 62.0 64.6 62.1 63.0 65.7 4.9 8.0
E-5 1.38 67.7 74.5 74.0 76.2 73.2 75.4 77.6 3.2 4.3
E-6 2.13 82.4 85.9 84.1 83.6 84.0 86.0 86.4 1.5 1.8
E-7 3.13 92.1 93.0 91.9 90.9 90.3 92.0 91.5 0.9 1.0
E-8 4.13 98.3 97.5 96.0 95.3 94.9 95.1 95.2 1.3 1.4
E-9 5.13 100.0 100.0 99.0 98.6 98.1 98.0 98.4 0.8 0.8

EE 1 E E EE7 E E E1

. . .4 .5 7.10

"6 ---

I -

b0~~* ~) -Ottaw sand198ps

Overpressure

198psi

I - 0I • 126.1 psi

I I

..1 I.h 2.1 3.13 4.13 5.13 6.13

Gauoe Station

Fig. 9 Attenuation Factor Vs. Penetration (4-Inch Shock Tube)
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Figure l0isaplotofporenirpressure ,,o i i I ! ! ! ' ! ! •. •'•

versus maximum reflected overpressure. For q • I
the range of overpressures tested, this 1oo f , • • • l • ; • .
relationship can be consldemd linear. How- i i t l i 1
ever, the trend of the last two data polnts •o i -•'• -• •I •! ....... ' • il t• i i

suggests that this lineority may not extend •u -- i .... "• ..... "•--;- • .... t" [- -"•"'• -•" •'' - -/•
to higher overpressure levels. :- • : • t i | .,•P'•'j

The curves of Figure |0 should have •"

a zero intercept on the Y-axls, but such is • i i ; ;
not the case. The reason for the discrepancy • 6u ........... t- • . • • t
may be due to experimental error or the • t ! !• I
physics of the systemo i.e., the linearlty •. '•o ..... ! ...... • + ; ; . • .... •
does not penlst for low vJlues of overpressure. • • l •

Figure 11 is a plot of unit impulse : :.o ...... • .... t • •. "•'•
(impulseperunltorea) versustlme--oir-shack • • * " 1, • *"1"• . •-• tt•;•.•J.r- - -. J • q•'•"

monitor gauge•for the pea gravel. It is a. I
apparent that as overpressure (maximum 2o!

reflected pressure) increases, the unit ,•Z J.•...U•
impulse, at any given time after the onset 1o _1 3.• •t
of the shock wave, also increases. In
addition, as the magnitude of the elapsed 1o 2o so :.o •,• •o •o •o ,• |oo I1o 1•0 I•o

time increases, the effect of overpressure
on the unit impulse also increases, ttaximum ovc.rpres•uru, p•

The unit impulse is a measure of the Fig. 10 Pore Air Pressure Vs. Maximum Overpressure --
energy which is producing the flow of ai• Penetmtlon Constant (Pea Gravel, 4-Inch Shock Tube)
through the pores of the soll. As might be
expected, the higher the overpressure, the more energy. However, from Figure 4, it is evident that the effect of unit
impulse dissipates rapidly with penetration; for example, the separation betwoen the curves becomes small. It appears
that unit impulse effects the magnitude of the pore air pressure to a significant degree• but only at shallow penetrations.
In all probability, unit impulse would also effect the distanc,• of penetmtlon• but the magnttude of penetration cannot

be ascertained from the data.

pressure, ps• j

(3 80 .o

€ 20 •,0 60 I o I00 120 It40 160

Time, msec

Fig. I I Unit Impulse Vs. ':.•e (Pe• Grovel•
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Figure 12 is a plot of maximum reflected pressure versus unit impulse. ine relatio,-ship is linear within the limits
of experimental error. It should be noted that the unit impulse under the first cycle of loading (approximately 30 msec)
is much less than that at a time of 160 msec. This Indicates that the reverberating shock wave maintains a large portion of
its initial energy over the indicated period.

Ottawa Sand
Figure 5 is a plot of pore air pressure versus penetration for the Ottawa sand. This figure shows that the rate of

attenuation of pore air pressure produced by an air shock is very high in dense Ottawa sand. Also, on the basis of the
data collected and for the test conditions previously 3.tated, a length of sample of approximately 4.13 feet would reduce
the incident pore air pressure to zero.

The data in Figure 5 are plotted in a different manner in Figure 13. With the exception of the data for penetrations
of 0.97 and 1.38 feet, the trend, as noted for the pea gravel, is toward a constant value of u0/Po for large overpressures.
This implies that ua/po is i ndape(ent of overpressure for large values of the latter.

Table 6 presents the relationship between attenuation factor and depth of penetration. From this table one can
conclude that as a first approximation the attenuation factor for a given penetration can be considered independent of
overpressure. This statement is validated by the two curves for Ottawa and shown in Figure 9. They represent over-
pressures of 22.4 to 119.8 psi, yet their separation Is a maximum of two on the attenuation-factor scale.

The values of attenuation factors shown In Table 6 for station F-1 at overpressures of 105.5 and 119.8 psi are much
too low for penetrations of 0.22 and 0.38 foot. The reason is that the measured pore air pressures for these conditions
were in error (too high). This error was probably caused by the screen covering the gauge being forced onto the sensing
element.

As previously mentioned in the discussion of the results of tests on the pea gravel, it was thought that the possibility
of the gauge measuring a combination of soil pressure and air pressure had been eliminated by the use of the screen-
covered grommets. It proved to be a reasonable assumption, except for stations E-1 and E-2 at overpressures greater than
100 psi.

The validity of the previous statement is supported by Figure 14 which is a plot of maximum overpressure versus
pore air pressure for a given penetration. The data points are plotted along straight lines except those for gauge stations
E-1 and E-2 at pressures greater than 100 psi.

120

Frtcycle*
.(approximately 30 msec)

r.0. Pea gravelt Ottawa sand

a.,60

40... 4 0.. .... .. . ... . . . .

Time lapse between the time the shock
wave initially strikes the sample ant
the time it returns from the opposite
end of the chamber to strike the

S20 sample again

0 2 3 4 5 6 7

Unit impulse, psi-mser x 10'

Fig. 12 Unit Impulse Vs. Maximum Reflected Pressure (Overpressure)
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SJ • •" 9 1.638 ft ,

0 20 40 60 80 100 120 140

Maximum overpressure, po0 psi

Fig. 13 u/p° Vs. Maximum Overpressure, p (Ottawa Sand, 4-Inch Shock Tube)

Table 6

AVERAGE ATTENUATION FACTORS (OTTAWA SAND)

Pene- Maximum air pressure at upstream end (psi) Std. error Percent-

Gouge tration Mseof mean age

location (ft) 22.4 35.7 63.0 72.1 81.1 105.5 119.8 (psi) of mean

E-I 0.22 34.0 37.2 39.8 37.0 40.2 27.2 27.0 5.4 15.6

E-2 0.38 62.0 58.7 63.7 61.9 61.9 54.2 54.9 3.8 6.4

E-3 0.63 77.2 76.2 77.6 77.2 77.7 75.6 77.0 0.8 1.0

E-4 0.97 81.7 79.9 84.5 87.6 87.9 86.8 85.5 3.1 3.7

E-5 1.38 95.5 93.8 94.9 93.0 92.6 92.9 91.6 1.3 1.4

E-6 2.13 98.2 97.1 98.1 97.2 97.0 95.6 95.6 1.1 1.1

E-7 3.13 .- 99.5 99.0 98.1 98.3 - --

E-8 4.13 100.0 100.0 100.0 100.0 100.0 100.0 100.0
E-9 5.13 100.0 100.0 100.0 100.0 100.0 100.0 100.0 -"
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Figure 15 is a plot of unit impulse 10
versus time for tests conducted on Ottawa
sand. The data were obtained by inte- 90..
gration of the pressure-time histories of
the monitor gauges. It is evident that the R - .. ! *O -
maximum reflected pressure (overpressure)
has a pronouriced effect on the unit impulse 7 4
at any given period of time following the
onset of the shock wave. This effect of -.

maximum overpressure increases with time
as indicated by the increased separation of 4
the curves with time. .Y

In comparing Figure 11 for the pea -0
gravel and Figure 15 for the Ottawa sand,
it can be seen that the curves, for a given
maximum reflecied pressure, for the Ottawa
sand lie above those for the pea gravel.
This indicof-s that in the Ottawa sand k..ss
air is being forced into the pores of the
soil. To express this another way, the
Ottawa sand provides a better reflecting __-__-_-__

surface for the shock wave. L1 2?C c0 o 0 0 7() s0 o Z 0o 1in 1
This fact is also borne out by .. .rprt .. re, ps•?

Figure 12 in which maximum reflected
pressure is plotted against vnit impulse for Fig. 14 Pore Air Pressure Vs. Maximum Overpressure--Penetratlon
both the Ottawa sand the pea gravel. The Constant (Ottawa Sand, 4-Inch Shock Tube)
Ottawa sand curves always lie to the right of
those for the pea gravel. In addition, the separation of the curves increases with time, as would be expected.

5 - - -_--- T _~ ~
Maximum refltected(

overpressure, psi

-14-

Fig. 15 Unit Impulse Vs. Time (Ottawa SrfKe)
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Solt, Sand
Tests were conducted on the silty sand, and the data are summarized in Table 7. From Table 7 it is opparent that

no significant pore air pressures were generated in the samples
of silty sand as a result of a maximum overpressure of Table 7
approximately 122 psi.

As a result of the above it can be concluded that, SUMMARY OF PORE AIR PRESSURE ON SILTY SAND
for the test conditions previously stated, the magnitude
of the pore air pressure generated in samples of the silty Maximum Pore air pressure •s
sand is negligible. In addition, the length of penetration overpressure Void ratio Penetration (ft)
of the pore air pressure resulting from an overpressure (ps;) 0.22 0.38 0.63
at the surface of the ground will also be negligible.

122.5 0.66 0.80 0.80 0.20
108.0 0.59 1.20 0.76 0.00
122.5 0.77 0.80 1.00 0.90
62.0 0.59 0.49 0.00 0.00
44.0 0.59 0.00 0.00 0.00

DISCUSSION OF RESULTS

The principal factors which could possibly effect the magnitude and attenuation of pore air pressures in soil samples
are peak overpressure, wave shape, total impulse per unit area, positive-phase duration, permeability, distance of pene-
tration,and degree of saturation. Due to the limitations of the test setup, only the effects of peak overpressure, total
impulse per jr4;t area, and permeability could be ascertained.

Based on FNures 4 and 5, it is apparent that the effect of peak overpressure (in this case, maximum reflected
pressure) is ver/ pronounced at shallow penetrations. This is evidenced by the decreasing distance of separation of the
curves with penetration.

A comparison between Figures 4 and 5 gives an appreciation of the effect of void ratio and particle size. The pea
gravel has a larger particle size and void ratio than the Ottawa sand. This means that its resistance to fluid flow is less,
which is evident from its greater permeability (k : 0.240 cmisec). The permeability of the Ottawa sand is approximately
0.060 cnmsec. The effect of the difference in particle size and void ratio is evioenced by the fact that it takes penetrition
of approximately 6 feet of pea gravel to reduce an overpressure of approximately 126.1 psi to zero, while a penetration of
approximately 4 feet of Ottawa sand will accomplish the same effect.

Figures 11 and 15 show the variation of unit impulse with time and overpressure. It is apparent that large differences
in unit impulse occurred with overpressure. However, due to the fact that the pore air pressure versus penetration curves
converge rapidly with penetration, unit impulse must exert its rraximum effect at shallow penetrations. It is also possible
that unit impulse effects the distance of penetratio-i to a significant degree for a given magnitude of overpressure. The
data are not sufficient to clarify this point.

The data have proved that pore air pressures will penetrate large distances in air-dry soils with coefficients of
permeabilit• greater than or equal to 0.060 crn sec. In addition, for soils with pernwabilities equal to or less than
9.71 x ]Or- , the penetration for overpressures up t) 126.1 psi will be less than 6 inches, and the mognitude of the p re
air pressure will be negligible.

In fully saturated soils, the air attempting to enter the voids would create large pare water pressures- and in
partially saturated soils, large pore air and pore water pressures would be produced. In either case, the stress state of
the s"Il would be significantly altered; and, with present knowieode, it is not possible to evaluate that change.

To conduct tests from which understanding of soil-structure interaction phenomenn cart be obtained, it is necesotr
to use air-dry soil and to prevent the air in the shock wave from entering the -,nil. This can be occomplished by placing
a membrane over the soil.

An attempt was made to determine the velocity of propagation of the siock wave and the chang, in velocity as t0e
air pased t-rough the soil sarple. unfortuvnatel, it was not posible to do this with the desired degree of occvroc, as is
evidenced by the fact that velocities as iow as 250 fps were calculated for penetrations of 0.36 fo•t. Nis velocity waas
determined by dividing the distance between Otations E-1 and E-2 (0.•6 foot) b, the difference in time of arrival of the
wave at these hwo stations.

The ve;oc it of propagation of the shock wave should at least equal the veloci; oa sound it air (oprmimatel-,
1100 fps). Coeequently, the lov velociti, are due eitheNr to the properties Of the soil or the ensitivity of the recording
syste'm. The totunvity of the low patf mkse% the distance travened b, the air m.ch greater than the distance Oetreen
adjacent gouges. In addition, the gauges m-y rot be sensitive enough to register tne first arri.ol of the oir hOxl€.

Regardless of the degree of occurocy of the calculoted velocities, it is evideot that the air forced into the .%r•
as a result of a shock wave at the surfoce wilt travel -uch slower than the pea. stress *ove in the soil.
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LIMITATIONS Or THE TEST SETUP

Bounda y Effects
S~c d~ ciameter of the soil sample was small, the eif"--t of wofl friction had to be considered. Undioubtedly,

sidewall friction effected riie Hiow of air along the boundary of tne soil samc9e. But 5,ince friction Ios resulting from the
roughness of the tube .-al was less than that cuused by the air flowing through fr~e pores of the soil, the wvall of the soil-
test sertion did not adversely effect tHe flow of air at the boundary bet'ween the soil and the tibe.

Another point to consider is the effect of friction, bet' een the soil and the .,-all of the soil-test section. This
friction would reduce the magnitude of th-e volume decrease under a given overpressure, as a result of the arching phenomenon.

Since it has been proved 'kir tests conducted with a membr-;ne over the upstream end) that the magnitude of the pore
air pressure resulting from volume change is ne~gligible, any further decrease in its magnitude is of no consequence.

Relative Density
One dns~ystate was used in the testing of the Ottawa, sand and the pea gravel due to li-nitotions of the test setup.

It was impossible to make a sample ot these soils In a medium-dense or loose state and still ue certain at the time of testingj
that no significant volume change had occurred. Testing was therefore confinea to soil in the Jense state.

Gouge Isolation
ITee-ai-rgap bet-ween the sensing element and tWe screen ý. hich isolates the gauge from, the so:i had an effect on the

data. Because this chamber has to fill, the rise time to maximnur pressure increas ýs Avhile the maximur, pressure decre-es.
But since the voiume involved is !t-rill (less than 0.005 cu in.), since there is a large number of pores feeding the chamrber,
and since the transit time of the wvave across the face of tihe gauge is minuscule, it was felt that the cavity did not
significantly effect the data either quantitativel, or qualitatively .

CCNCLUSIONS

Based on the inforriatior. reported on air-dr,,, uniforml., graded, granular soils at high relative density,,, ,certain
relafionships became apparent. The r,"t significant a~e as follows:

1 . For the overpressure range tested, soil densitication added flttle to the measured pore air pressure, Altho.ogh
the data are 'auiid only for de-so, granular soils over a relatively strall overpressure range, it is felt that even

for much higher o'.erpressiures anid looser soil conditions the coctribution of densification to tie measured pore
air vressure _ou!d still be negligible.

2. For all procti-a! cjnxnses, the rate of ittenajtion of pore air pressure ma> be considered, as a first approxi-
miation, to b~e independent of o,.e~pessure. Thke attenuation factor is pti-rxiril a function of the size of the
pores and the ýiepth of penetiation -. 11-is -xnc loiion is sopporeed b., the -or'm of Crist t,5) ono, in st .,ding th~e

use of rocii filters as blast cnter- ators, fix.uj tiht tne rate itf attenuafltio of air pressurte A;tn distance oi
penetration Is irsdeperae-nt ot oý erpt essu;rr for a sice-In orientation anj i press.,re range of 30 to 100 psi.

3. Initiall * *ne rate of atter-ctoion of xrevk air )ressare ks *er. Tii . : -l~ Jjsedi L" 0 laorgo. 41,ntit,, of air
t~elrnq force,: I to ie pores at tt, soiit, '] 0 ýorf perioii of ti-e. Tke result is to Increase effectivel, )te
iresistacrc* o? t)Ii soil to 0'e flowi ot air. Ho..e,er, *~iW, mncreasezl per~etiatioc, th'e rate of ilo-* Of air

decreases ms, coirrespnxiiNylY, thle re-siotw'ce to fio_ aecreoses. T",eretofe, tile rate ai attenjotirn avocregses

orrtcriedl., ^it pe.uetrutiov.

t'his .orw ! sionr ii ipportreu b.- Reterence 5 i isc.-es psre~tiir. ?e'tintru a rr',- iiiter as or.
incte~in-1 f4.. .tion or fli),. '-c it.P

4. Ti'. -"t importuct to-cton etfectirkg tPW~iud of the pore air p~e~ss re If .3 i.ev point :n a -(wof

soil are pmxr~tr pen'i ciorrfesukres, AQ>-,zt.(J. 10ape, ver-"eoabilitIt ard Aeptii' of Penetration.
5. The eflect cf peai a3verpiessr* coid -. oue i. of ;Wi-W i--r4oance at 0-0c0. orptis. Asi prenetro-ia

irkcre(WSe, ttfg. effecf %0 ?'lose. '.fix' l a te -csrdpore ).if ir~eisre wtereajs vld,

6. In cojaie,-Ifcwr-I, grodsea sils, port oil pmessures w~iP~rtsil-t #fro- a!) ovorpressur* at gtirond
Iu1 Or4C? con r'-e ýf si-,fIG:a't -Ianitý_Ac. Fugt4.,rf'w*r, t*,e Aiittonce of p((lpaoJtior. -,a? "t Qfpre~ic%'e.

'. -1 .0Il-grclie.i soils, Co-K-*xal* to 0,# pit, 1s0"Ic testedi, V'ol", t'e unK'it~eait~~e~ ftce~s

a' the p~oe 'air P-rewsre '4#-¶erate'j as a fpns.lt of a sýo" .. '. at qp-^- larface ~o."Adbe af "ICcosen.

B.Ai 0,* avera~e particle iize of a boil I-cre-ases, the- --KoqtiP -:e of t.ý'e "er asir jpres&.e a~t a gi**n poi,,t
increosel, '-not ti-* ddrlh of penetTCtion'. In1 othei 0-0Wa % 0Ve sez- o ti~ pofet increase, t4'e -'agnitido
of Ot4e poev air piet2.Aufwa a -. iv-n point vnd t~ie tistace of propai )tio- increimo.
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9. Changes in unit impulse, for a given overpressure, do not significantly effect the measured pore air pressure
in deep pcnetratlons; in sha!lw penetraticns, such changes can be significcont.

10. The velocity at which the pore air penetrates !Se ground will be significantly less t-an the propagation velocit,
of the effec';ve stress wave.

RECOMMENDATIONS FOR FUTURE RESEARCH

Much more YoCk needs to De clone before tfie phenomena involved in the propagation of pore air pressures in .,oils
subjected to a shock wave can be fully understood. It is therefore recommended that work in ,re following areas be ýnaer-
taken to determine:

I . The effect of long-duration shock waves or, the propagation and attenuation of pore air pressures in soils.
2. The effect of high pressures on the propagation and attenuation of pore air pressures in soils.
I. The propagation and atten"-flion of pr~e air and pore water pres3ures in partially saturated soils.
4. The effect of wave shape on the propagation and attenuation of pore air pre.sures in soils.
5. Pore air pressures at depths less than 3 inches.
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PHOTOELASTIC STUDY OF WAVE PROPAGATION
AROUND EMBEDDED STRUCTURAL ELEMENTS

by
W. F. Riley*

ABSTRACT

Photoelostic ro- ods have been used extensively in recent years to determine stress distributions assox :ated with a
propagating stress wuve. In this paper a series of studies are describ -d which have been conducted to determine stresses
in the free field of a twi-di-nensional plur- and the boundaries of embedded structural elements in the plate during
passage of a sh'ess wave. %ti- plosives and traveling air shocks were used to generate the stress waves. Resuts for
circular holes and rigid circulk, inclusions are presented and compared with equivalent static stresses based on the free
field conditions. Important conclusions are drawn regarding dynamic stress concentration factors.

INTRODUCTION

The problem of determining the state of stress in the vicinity of tunnels or various types of buried structures has long
been a subject of interest for civil and mining engineers. A considerable amount of analytical and experimental effort has
been expended to develop methods and techniques suitable for making static stress determinations in elastic materials arcund
discontinuit-es of .ny shape. Analytical studies based on the theory of elasticity and experimental studies utilizing two-
and three-dimensional photoelasticity methods have yielded much useful information.

In recent years considerable effort has been directed toward the design of underground structures capable of with-
standing the extremely high pressures generated by nuclear explosions. Since the loads applied to the structure in this
application are tran'.ivnt rather than static, the problem of determining stress distributions is considerably more difficult.
At the p.esent !*me ...iy a limited amount of information is available on stress wave transmission characteristics in either
elastic materiul* " soils. Similarly, the effects of stress waves, in terms of the loads they produce on buried structures,
the effects of rigidity or flexibility of the structures on the effective loads, and the overall stress wave diffraction around
tne bondo. of the struciure are in general unknown.

In ) i atterpt to study some of the fundamental aspects of stress wave propagation in an elastic material and to
obtain some information on the interaction between a propagating stress wave and discontinuities and embedded obstructions
in the ý:,:ve propagating medium, Air Force Weapons Laboratory has sponsored a series of experimental leboratory type
programs at lIT Research Institute. In these programs dynamic photoelasticity and moire methods were developed for making
full field trunsient stress measurements and a number of problems were solver'. In the following sections of this paper remults
from several of the more important studies are presented and discussed. Included are:

I . stresses generated on the boundary of a circular hole in a plate by an explosive charge which is detonated
on the edge of the plate, and

2. stresses generated on he Io'idaries of a circular hole and a rigid circular inclusion in a plate by an air
shock wave moving aloa3 an edge of the plate.

The significant features of the toxpcrimental methods employed for the study can be briefly summarized as follows.

Photoelosticity Methods
A low o model moterial was employed so that the wave p, ropagation velocities were sufficiently low to

permit photographing of the associated fringe patterns with a 16 mm Fastax camera. This type of recording gives a
sotisfactory picture of the overull patterns for the full duration of the loading. Microflash techniques were then used to
obtain large high quality photographs of the patterns in localized regions of interest at selected times after loading. A
com,,entional diffused light polariscope was empluyed for all of the measurements.

Moire Methods
The moire effect is an optical phenomenon observed when two arrays of lines are superimposed. If the arrays con-

sist of opaque parallel lines which are not identlcal in spacing nor orientation then fringes will form as the lines of one
array fall oa or between the lines of the other array. Measurements of the spacing and direction of the fringes gives
suffirlont inioc,-aion ,or determining differences between the arrays. In thie present study the array printed on the model

Sc "e-. av -111noi% Institute of Technology Research Institute, Chicago, Illinois.
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was free to deform as the model was loaded. The referitr.ce array through which the model array was viewed did not de-
form. Once the model deformations were determined from the moire fringe patterns, the strain field at any point of
interest could easily be determined.

For a detailed presentation of results of other studies and for a complete description of dynamic photoelasticity and
moire methods the reader should consult several of the previously published AFSWC reports (1,2).

EXPLOSIVE STUDY

When a time dependent load is applied at a point on one edge of a semi-infinite plate, two basic waves are pro-
duced, namely dilatational waves and distortional waves. These waves propagate radially from the point of load
application with velocities C1 and C2 respectively.

The dilatational wave is produced by radial displacements which occur at the point of load application. The photo-
elastic fringes associated with this wave type tend to form circular lines with the point of load application at the center.
The distortional wave is produced by transverse or circumferential displacements. The photoelastic fringes associated with
this wave type form a very complex pattern. Other waves are also generated as the dilatational and distortional waves
propagate along thi boundary of the plate. In the model material used for the study, the distortional wave velocity is
only 52 percent of the dilatational wave velocity. Thus, as a stress pulse propagates, the two waves which were simul-
taneously generated tend to separate. In the present work an explosive with a short detonation time was selected to effect
rapid separation so that the influences of both dilatational and distortional waves could be evaluated.

The model used for this study was machined from a large sheet of low modulus urethane rubber known commercially
as Hysol 4485. A 5/8 in. diameter hole was machined 4 in. from the point of load application along a radial line 30"
from the centerline of the plate. A sketch of the model is shown in Figure I. The location of the hole was chosen to give
the maximum time for study before reflections return from the boundary. The 300 orientation also provided a symmetric
point in the same model where Ily
free field stresses could be q2

simultaneously determined. This
symmetric point was far enough C T
removed from the hole so that any
disturbance in the stress field _x
produced by the presence of the
hole did not interfere appreciably
with the free field stress dis- EXPLOSIVE CHARGE
tribution. The 300 orientation
also placed the hole in a location

s where the influences of both the 5-ý 5i 0.45"

dilatational and distortional
3 waves were felt. If the hole were

located on the centerline of the
plate, the distortional wave
influence would be smaller.

The loading of the model
was accomplished by detonating
a 70 milligram charge of lead
azide oi the boundary. A com-
plete photoelastic fringe pattern

record was obtained using a 16 D DIA I FINT

mm Fastax camera operating at HL %o

6780 frames per second. The
first 20 photographs of this record
are shown in Figure 2. These
were the frames used in the JGRID OF-
analysis and they cover approxi- RUBBER

mately 3000 microseconds. A THREADS

similar series of Fastox records
were obtained of the moire fringes
in the region of the free field
symmetric point. The printed
grid used in obtaining the moire Fig. 1 Sketch of the Model Showing the Location of the Hole, and the

fringes in the re0ion of the free Symme'tric Free Field Point
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Fig. 2 Series of 20 consecutive photographs showing a compressive stress wave prop, jating post an open hole in a

large sheet of Hysol 8705. The stress wave was generated by detonating a 70 milligram charge of lead azide
on the boundary. Photographs were taken with a Fastax camera at 6780 frames per second.

field symmetric point. The
printed grid used in obtaining
the moire fringes had 1000
lines per inch. Typical
records are shown in Figure 3.
The duration of the detonation
of the lead azide charge was
approximately 2 microseconds.
This value of the duration has
been reported in the literature
by Kolsky for charges of
similar size.

The Fastax records
were tsed for the fiee field
determinations and for
studying the overall wave
propagation phenomena.
Microflast photographs,
similar to those shown in

Figure 4, were used to
otablish the fringe order Maste r

distribution on the boundary Grid
of the hole. Direction

Ten microflash photo-
graphs were finally selected WR- 10
for analysit. These photo-W
graphs covered the interval Fig. 3 Typical dynamic moire patterns obtained with the Fastax camera in the
from 750 microseconds until vicinity of the symmetric free field point.
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2650 microseconds after the explosive
chargje was detonated. The begin-
ning of the time interval was oil4
chosen when the 0.5 order fringe
reached the symmetric point in the I
fren, beld. This was also the time
at which the response around the
hole boundary was sufficiently high
to allow accurate fringe order
determinations. The analysis was
conducted at approximately 150 ..........
microsecond intervals until the
response around the hole became too
low for accurate determinations.

The time duration of the
pulse was sufficiently short for the
major portion of the pulse to pass .
the hole before reflections returned 1050 Microsecond#

from the boundary. Thus the
analysis which was conducted
covers about 80 percent of the
pulse.

The experimentally deter-
mined values for the fringe order as
o function of time at the symmetric *i

free field point are shown in
Figure 5. Similar curves for the
two strains i and are shown
in Figure 6. These data were then
used together with the material
properties of the model material
to obtain 'he two principal itresses
and their directions at the free field
point as shown in Figure 7. The
effect of rate of loading on the
modulus of elasticity of the urethane W:"01

rubber material wa% considered in 1625 Microseconds 2650 Microsecond&
these dete..rminations.

""rhe dynamic stresses on the Fig. 4 Microflash photographs showing the fringe order distribution around the
hole bounaary were computed boundary of the hole at various times after detonation of the explosive

directly irom the isochromatic data charge.
since the radial component of the boundary stress vanishes. Typical results are shown plotted in Figures 8-10. The free
field stresses at the same instant of time as shown at the center ot .',ch of these figures. The isochromatir fringe order
at the symmetric free field point as a function of time was shown In Figure 5. It can be seen from this figure that the
stress wave front arrived at the symmetric free field point approximately 660 microseconds after the explosive charge on
the boundary was detonated. This wave front would be a dilatational type wave. Since the velocity of a distortional
type wave is only 52 percent of the velocity of a dilatational wave In the urethane rubber material, the front of the
distottional wave will not reach the symmetric free field point until 1250 microseconds after the charge is detonated.

The stress di;tz..` ;:ons shown in Filwjres 8 and 9 therefore, are produced by a compressive dilatotlonal wave.
The compressive stresses on the boundary of the hole develop and reach a maximum as the peak of the stress wave passes
the hole (approximately 1100 microseconds after the charge is detonated). The tensile stresses which develop during this
time interval ore relatively small on the edge of the hole nearest the point where the charge Is detonated. On the
opposite edge of the hole the tensile stresses do not develop during this time Interval . After the peak of the stre- pulse
posses the hole, the compressive stresses decrease and the tensile stresses increase as shown in Figure 10. After a
sufficient period of time the maximum tensile and compressive stresses have equal magnitudes and their locations shift
approximately 450. This indicates the presence of a pure distortional wave.
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Fig. 5 Fringe order at the symmetric free field point as a function of time after detonation of the explosive charge.
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Fig. 7 The two principal stresses and their orientation at the symmetric free field point as a
function of time after detonation of the explosive charge.
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Fig. IC Static and dynamic stress distributio~ns on the hole boundary, 13250 microseconds after the
explosive charge was detonated.
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Val-es of the boundary stress suitable for comparison with the dynamic distributions were computed at the
appropriate times by using the experimentally measured dynamic free field stresses and the static Kirsch solution foru
circular hole in an infinite plate. These "so-called" static distributions are also shown in Figures 8- 10. In these figures
it can be seen that the dynamic compressive stresses are initially smaller than the computed static values. Later as the
wave front passed the hole, the dynamic compressive stress is approximately 15 percent greater than the computed static
value. Much later the two values show excellent agreement. It can also be seen in these figures that the dynamic tensile
stresses are always smaller than the static values.

AIR SHOCK STUDY

The model used for this study is shown in Figure I1I. Both the open hole and rigid inclusion cases were studied.

AIR SHOCK WAVE

01al. Inclusion

Fig. I I Sketch of the model showing the location of the hole or inclusion with
respect to the loaded edge* of t+e plate.

The air sboc' loading was applied to tOe top edge .ý' the mrodel bý means of a 6 in. diamseter shoc'pl to'be. The
shock. tube facility "?oethe with the model, polariscope, and assorted electronic and pivotographic equipment used in tý-e
study 11% shown in Figure 12. Th-e model was inserted at a specially mi-hinied tectitun which ftas located oppro~imrotelt
16 ft from the driver (pressure) section and 10 ft trorr the and of theo tube. A secjion through, the tube ot tfe model
location o shown in Figure 13. The thin rubber diaphragm shown in tfiis fiquie was used as a seal to prevent the air in
the tube from entering the spaces beWeen the m'odel and housing. Dvring operation the driver section of the tube was
filled with. air under Wesuvre. Pth air shock wave ý*os initiated by p~iercing the plostiL diophragm, w~~i~cl separated tke
driver section fro-' the remoining sectioris of the tAbe.

rhe pressue pulse applied to t1)e model for the study~ btinj reportd was generated by a pieswre, of 75 psi ins a
2-ft driver section. The 'noimun amplitude of the pulse, which was accurotel, rneosure -%it a K istler type presure
,.)uge mounted on the wall of the tube at theo model location, was 14.6 psi. The rise iram, ner to peaý of th* front of
the pulse was less than 100 vnicroseonos. The total e'Igth, of t1he pulse .as oppro-timaotl) i4 millisecondss. T~pical
oscilloscope records of the signal from the Kistler gouge x*e shown in Figure 14. Phe welocit. of the shoca. wave ýw~ss
measured with a Berkeley counter wlhkrh was starlet and stappod with signals from two pressure gauges space-d A ft apart .
The sOwk. *w3ve velocity was established at 1549 :_ 8 ft pet st-cond.
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Fig. s2Poorp~o.r~tevc ue~~Ity, model, poloruscope, and assored electronic and

photographic eq~ipment sea* in the st.Aiy.

Photographic rocrds of the photoelastit and Proire frinije potterns prodvcod as tke stress wave propogated through
tke mwqel ^ere recorded v-it a F~jt3im cometo operating at a speed of approimaoteiy 7500 froames pot second. Tw@ntý
framevs irom a pi-otoelastic fringe pý.wrn) record or* shown in F~igsre 15. To obtain more detai led information at selected
points of Interest such as the inclusion boundaryo, a seies of photagrophi wesre again toki)en with a -icroflsx-J unit and a
largo vv\dio ca-soru.

The time wkeor the 'ýhsk wjve ihirled -vý.i'n olong tkw top edge of the plate was c~hosen as the origin of time0.
The e.,oc! ri-o (fro-. thiit origin) ot wý,ig k the mnicrof lavh photographs *ere tok-en was eccsortely movasa*ed with 0 860keley

coknter. The ý'ýntsvt wai votated viti, a sigmal from~ a pesiror jouge in. the *all of the tvb* oppos~ite fl-e edoe of the modet

0olft %1toPpe 1%itl" a signal from~ a PhotOcell uctivated bY the "srof000%k
1k this skdj Ihe pisni.;1~poi stireisse andl directions along the vifti(0i centwtIn.* of the plate ,wete doeteirmind bofor@

tle hole %as -- cilroe" 4 in.. bolov the ooe e00~e. Tile resits 3fe thown in Figas 16. In *his figurt it ran be seen
thot t~oth principal stresset are co-vressivo and increassE )iro-orlp *ith ti~m iritia;ly for obo 800 oMK fo We

*ý-1sprsjs cmu abc~ I 13X3 &L ae %* ;#o the aj stres. !"e I fincipal Stress direc:tiot. 1). reroains %.Onstant of abo,.t 10.5 0

fro', Ow. first 800 PA soc Wand t#'en decreases to OP ver the -ne-t 1000 )A ec . The attenvationi of the monai-rkpr. co~ivessivt

stress wit's, depth is ohown in ýiýfiure 1.
Topical res.Jts faor the bofujdav %tress doete mnotkv'is are thown in Figare 18-21. kAsin the dyvorwir stresses ore

oni? slighti, ioatser thw the cov"rode static *atressiss as thet front of the stress *wav; p"ss the hoioe( Iockincsion. At later
times 6e d~,nomic and static volu-s,e% 0cicaellent agreement. The r'ev,.Its for the open kae mre also in agreement with

tWe theoretical results of baron and Mat-#*ews (3) for the stres dittribticon arrhold a rc.1itmdtic CaICvity producerd by a

piano stress w-ave a Hleaviside *jnit (vownctwcv disltibf.ion.
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-------- STATIC- Vert icol Line Normal to tile
DYNAMICLood"' Edge of the Plate

/C

RADIAL STRESS(psi)01 23

Fig. 21 R~adial and shear stress distributions or' the interface between the iný lusion and the plate
3035 microseccnds after the air shock started across the top edge of Ohe plca,:.

CONCLUSIONS

The results of this exp2,rimrental investigation indicate that static solutions con~ be used as a first approximotion for
computing dynamic stress dstributions onl "he boundar~es of dik:ont inu i ties in e~aoic materials if the time-dependent free
field stress distr~butions are known, !n all of the cases studied to date thie measured dlynamic stress has not exceeded 91e
computed stress based on) tthe appropriate static solution and the measured dynamic free field strsses by more than 15 per-
cent. Further study is needed for non-eiastic materials and for pulse lengths of the order of the d;scontinuity diameter.
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AN INVESTIGATION OF PANEL-ARCHING -ýFFECrS
IN NONCOHESIVE SOIL

by
W. B. Truesdale* and E. Vey**

INTRODUC TION

A buried flexible parel, for all stable loading conditions, muit be in eq~uilibrium under vert Ical forces. The
effects of a surface applied load must be transmitted through the cover soil. Consequent deformation of the panel must if
loading is to be maintained, be accompaniea by deformation in the cov~er soil. If the effect of a surface load on a soil
structvre combination is such that a non-uniform distribution of shear;n strcins results within the soil body, a non-uniform
distribution of interior stresses will also exist.

For any total shearing strain over the depth of cover soil, ;he stresses at localized points are related only to
localized strains. In consequence, it is conceivable that the peak strengths at certain points within the soil body could
be exceeded at loads much less than wokuld be predicted by a cow; ideratir n of average strains and stresses throughout the
soil mass. Thus a localized failure as a result of large locat~zed strains may limit the load-resisting capacity of the soil,
rather than a general failure affecting the entire soil body.

The complexities introduced by considering stress..stroin reiat~onships within a soil body may be avoided by
treating the soil as a free body subjected to specified boun~dary forces. The maximu-m load-resisting capacity can be asso-
c&ated with some finite total strain between~ the surfacŽý ot thP soil and its lower boundary. The Internal distribution of
strain, as well as the internal variation of the shearing stresse- whicn combine to furnish total lou.d resistanice are not con-
ýideredl. This approach, in effect, replaces. interfoc sti .s5-strair consideratiotts by a weighted a~veraging of th~e localized
!tresses and strains throughout the soil m.oss. *Vhile this is -i mc~or simpl 'iiýaflon. it involves same important assumptions

us to the boundaries of the failure moss of so:'. It has becn assumed thict the entire moss of soil between the around surface
and the buried structure, bounded by vertir.#I. planes delineating the periphery of the structure, c(-nst~tvtes the incipient
fbilure moss (1,2). However, there remain the possibiliies that the actual bounds may be influenc-ed by localized stresses
an'd strains and that failure planes other t~ian those assomed may, in 'act, prove critical.

An additional deviation is intro.juced *her 'Me iowei bouir-dary of the soil moss is in contact with a buried structure.
ýA~en surface loc.d is applied the soil aoi structure ckiflec? as a unit as long as contact is maintained at their inserface,
Each material cuntributes some portion to total soAl-stin.-ture resistance. However, in much the same way thut the total
shearing resistatice of the soil msoss is not the in-Itgrated sum of peol, streingths at its interior points, the maximum loaa
resistance of t.1e jot ~.i'-structure system er 3y not neocessafily L-r id.w suwi, of the indivadual peak resistans.es.

The salution of on exoct sot of onolyticcl1 e-piressions conisidering all of these factors would be extremely cam-ple.
However, with the use of high-speed computers n solution can be obtained through iterative, self correcting approximatiar%.

BASIC ASSUMPTIONS

Assiumptions required to describe the soil behovio:
I s Oil stress-stroirn relationships,
2. relation. of lateral and vertical soil pliessuies, and
3. fistvibutiain of soil shearing strains wic~th p..

Couilomb's equation for ultimate shear resistant* IS

V n

However, the relationihip of ihearing resistance and sheci strain up to ultirwote is not xnown. Figure I ;,how- thse genteral
stre~-sraa lo~tiortship aisumedj for thins oroblem. Tuet &hvw .,Vinesistance ,viob~lized at any Instant up to ultimate is n

function of shearing strain ond :-.oy be computed as shokn.
Acceptinsg that Coulomb's equation satisfactorily describes **eultimate shlearing resistance of the O"tow, son~t,

on assumption is still required to determ"ine then valve "t 7. the lotetal stress ;n t+%@ to, , to be used in thte equotiaon

"AssocIpatt Reseorch Engineer, So;I Metbionics Section, lIT Research Institute,
"Ma.Anoger, Soil Mec'v2nics S'ect;o^ lIT Researchi Institute.
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SOIL-STRUCTURE INlERACTION

/~*/

Fig. I Assumed Shear Stress-Strain Relationship

Fot specific c.ond.itons of ;mpi:iding failure, active and ooisive, Rankin's ratio relates the normal forces at a point in
the toil. However, application of Ronklw's ratio, either active or passive, to the buried structufe problem is quite
d;ffizult. E&perimentol *orý to determine the relationship of "orcizontol and vertical earth pressures above a yielding
%tt,c.uete in 0 Cohe'.ionleis soil was conujcted by Terzoghi ") A trfnp door located at the bottom of a dense send was
dowli lowhered ,th i rigid bot motion, holding it porallel to its criginol position, while measurements were made of
hieerof and vertical piesswrn, Figure ' prmesent the roaio of lateral to vertical pressure venus burial ratio.

It Is %een tha' a consiant relatiorvrip was found between horizontal and vertical soil pressures at all depths
wfof 10 1w erinq 0,ie hop dkoo, oni at dittcnces of over two panel widths above the structure when displacement occurred.
,;ti,.n two poneI ý 100's Ot)ov the structure, although the relationship was nonlinear, the ratio of horizontal stress to

,*.-rtI stress *0.s otov01 Wrote, thon the constant relationship above.

becouse Tei:ogt'is stuoJy did not ;nclude .any Investigation of the effect of overpressure, it was decided to in-
vet'gote the t wo follo.nq la.iteral and vertical toll pretsure relationalr'ip

h (1, 67 0' .hroughout the cover soil

. - 0 wu vhere K is eithot 1.0 to 0.6 7 at saOon in Figure 3.

The select t o, this particular geometry was based on og.ervotions ct toil defowmotions such as slvown in Figure
4. it con be seen in the area owet the panel center-line that there isos been o lateral contraction and vertical eutension
Of the qrldt. This wovid mok.e it seem quite possible that horizontal stresses on the elements exceed the vertical. The

d•i;ois'ian in tte soil grids occur to greater heights above the structure over the panel center-line than at the edges.
bosft on this observation -O• oecuuse no etpeim•L•ntol meoauaemenh of lateral jnd vertical ptrwsures neoa a yielding
*tfrJ.t(reC' edge ,ere available 4o# ipo•ionce, It wv.u decided to reduce the heist obove the structure for which K was
greater than I. .0 neow the panel edges.



ANALYTICAL AND EXPFRIMENTAL STUJDIES I
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SOIL-STRUCTURE INTERACTION

The last required assumption to describe the soil behavior was the distribution of soil shearing strains with dep~h.

Again in Figure 4, it can be seen that the curvatore of grid lines is not constant with depth. This wold indicute that
straining is not uniform from the soil surface to the buried panel. It was assumed that shear strain distributior was of a form•
suggested by Newmark and Hall, presented in Reference 2.

4Ee- (D - Z )/B

where
E shear strain,

constant,

D - depth of burial,
Z depth from soil surface to the element being considered,
B width of structure

By varying 19 various degrees of nonuniformity of shearing strain distribution throughout the coverig soil may be inies-
tigated. For any particular value of $ the strains at any particular height above the structure are dependent only orn
the structural geometry and deformation.

COMPUTER PROGRAM

The loading is considered to be uniformly applied over a large enough area of the soil surface so that there is no
dissipation of pressure with depth. The soil mass above the buried structure (of infinite length) was treated as a gridwork
of individual square elements (Figure 5). This somewhat approaches a real condition in that a soil medium is composed of
individual ;orticles, however, they are nor in general, either uniform in size or shpe.

With a uniform loading p over on infinite area on the soil surface, the free-field pressure at any depth below the
surface is equal to the surface overpressure plus an addition of overburden pressure of ) Z. A first approximation of the
loading to be carried by a structure roof panel located at c depth D below the surface might be a uniform loading of
p )D. The deflected shape of the panel can be computed for this loadi.,g.

T T

*. I f

Fig. 5 Analytical Mood! Geometry

To maintoin loadrng on the ponoel, the soil elements above munt foliQw this deflected o•pne (Figure 61, In so

doing, relative -mot;o occurs between the odiocent vo.l eleents one 4 fictionol resistance is mobilized. Thits results in
particle to particle transfer of toad around the structure, and a thift in th, distribution of looo tr"osmitted to t*. panel
towords the, ponel edg4e. Reconmoting panel dfclection under this net, more favoroble loading system rewult; in a

decrease in the panel dieforemotiom, which results in corresponding decreases in Ohe soil deformtilons. Soil shearing
resistonce t+ren decrtase causing an increase in panel loading. This process ccontinues until a compatible solution is
realized between the loading tronmitted to the panel, panel deformatiom, and the deformaton•s in 4te cover soil.
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.4-4

Fig.6 Sol-Poel Dforoctin Reatios)-ip

Th nfune ftheovmp~m(eodngsi bhoio onb ee nFiue 7oi 8 hm1peen h
anltia loinsitofoerrsur ndpnl eorain c c tuc~e oaeda adpN fbuil- Ipast *dh

Therato f titPael entr ig. 6elcto S tolpanel ^efrmaion Ris aPton*o¶ni daied11 cretona o

vari"',j levels of suif,;, overpretsure. The sod -m assujried to tý,e (ohesionle-ss ond in accordance %ith he a'oremnsttiorted
assumptiora its frictional resistance of any 5s!..in is deftmi"ned 02 W- It -2 4,. 3 6~ 2- 1,- 02, 4 1, and *2
were evalvated oftter Oudy of Priaio'l test results to that the volues selected "ould reaistclly toresent a soil condition.
The particvlar lo.st% studied (4) wtre perfornted on a medium domse C!?-Ai sand. 07-o*s determined from the slap. of the
f-amltre enivelop* as 310. 01 was deftivnined at 260 fro the slope of #ie .'ir'o moh o~s Circles poltted foc the
strsi condition at 70 pee cent ultimate load. Tii*te hwa itrimirs torrquxp.-%v.:n to the stress conditioew at 01 and 02 were
*en.' dotemined, ossuming thaot the triomkial tests fewe constant volume tess'%O of,*t tmois of these c.1onvuftiotior4 2w~as evolvoted as 0. 10 on. in. and it was docidod to onomilew 9he Imflverks. ,' vor-ying 4i Itow 0.01 on.. in to
0,02 in. in.

Investigation via als -ad. of the influence of --oricul d4Vetr of fo.i'r"4)of sheaning strain diltv~biwtion
in l*. sosl moss by varying 0 hormO.~i 2 to 2.0.

The pqnel defoamation ratio under the wifight of the orve r~wden toil was olmas inde~pendent af changes in
O+?6 1or 0 . for a coratont vaILi' of K 10.67 (Figure ný the cupr~f d*#ining Ole or,"erprswose.nel delorw ti~nr

'wlotioruhipt fall within a relotivel*~ rmr~ov bonds indicating that smiall changes In t+e ossumrptiom ns ctibing the so;l
wiressitrain relationships. at %train j~stfributiovi in thie soil rmas 0o not significantlv 'Afluence the fruIls.

A change in tht assumeod valwe of k (Figwre 811 does however. signifcontly influ..~ce he rewglts. Alt* with
tOe large. valoe of K changes in both the soil strets-strain relatiomisip oind strain distribution becomte quite ;imp~ortant.
For a given level of overwrestmoe the defle-Ktion ratio increases awpomilmately proporionotely with f 1, and in a rfati
of about I to 5 with ~
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ANALYTICAL AND EXPERIMENTAL STUDIES, I

CONC[' ISION

Based on the Rankine Theory of earth pressures, it is postulcted that the ratio of lateral to veit:cal stress within

a soil mos. may vary from
Ph 2

K - trin ( 45 - 0/2 , the active case, to
Pv

ph 22
K -- - ton ( 4_. 0 2), the passive case.PV

The deve;ckment of either the full active of fiall passive case requires that certain conditions of deformation be

recl,:ed aod these cases probably represent t:,e upper and iower bound of the ratio or lateral to vertical stress.
For on a;ngle 0•- 300, this means K oy be between Ilr3, the active ccse, and 3, the passive case. It was

seen in Figure 4 that near the panel center-line, soil grids were shortened in the horizontal direction and elongated in

t:'ie ,crtical direction. This pattern of deformatioci would indicz:e tlct K is greater than I and could be approaching the

ratio of passive resistance. Terzoghi found experimentally that over the center-line of a yielding trap door that K was
greater than I for a height of almost two trap door widths. However, near the panel edge (Figure 4,, the deformations in
the soil "ndicote that the vertical stresses are greater than the horizontal and hence, K is less than I and czuld approach

the ratio of active resistance.
Thus, in a soil mass surrounding a deforming structure, the ratio of lateral to vertical stress changes from the

coefficient of earth pressure at rest, before any deformation occurs, to a smaller or greater value between the limits of

2
tan (45. 0.,2).

The results presented in this paper show that the K value selected is probably the most significant influence in

the soil-structure interaction problem. Because of its affect on the problem it is not believed a constant value can be

assigned, and still satisfactorily predict structural loading over any range of conditions. Also, because of the influence

the K value has on the problem, one must exercise cautioi in accepting the validation of any theory on the basis of o

limited experimental orogram. From Figure 8, it can be seen that reasonable assumptions, as to soil behavior and the K

value, can be made which would cover a wide range of experimental results.

It is believcd that for on analytical solution to successfully predict structural loading over a wid-e range of

varying parameters, i.e., panel stiffness, burial depth, ioil type, etc., it will be necessry to jccount for changes in

K as the soil and structure interact. Terzoghi's results give some indication that these changes may be restricted in a
localized arej near the de'orrming structure. As such, it is possible that an empitical relationstu. could be established

between structural deiormation and K values at vario.. Jist .n_ from the structure.
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ARCHING IN SOIL DUE TO THE DEFLECTION

OF A R!GID HORIZONTAL STRIP
by

Chunduri VW Chelapati*

SYNOPSIS

When one part of the support of the soil settles relative to the other parts of the support, the pressure on the

deflecting support reduces with a corresponding increase of pressure on the neighboring parts. This transfer of pressure

from the deflecting part to the neighboring soil is known as the arching effect. In the present siudy, the cmount of

archinc, that is, the amount of pressure transferred to the naighboring soil when a rigid h!orizontal support bujried under

a soil cover of finite depth deflects, k investigated. The surface of the soil is subjected to high overpressure. The soil
is assumed ideal characterized by modulus of elasticity E, and Poisson's ratio, u. SclLtions based on the equations of

plane strain are obtiineý in the form of infinite series, Since soil cannot be expected to be effective in tension, a
condition is imposed that the net pressure on the deflecting base ýaonot be tensile. I- is shown that arching in this case

is a function of the parameters bih, ph/dE, ano 1, where 2b is the width of this base, h is the depth of soil, p is the

press-ire on the base with no displacement and d is the amount of basw displacement.
The first six terms of the infinite series solution are evaluated using a digital computer for a wide range of

parameters. Graphs are presertted showing the pressure distribution on the base, and the amount of arching over the
base. An example is given to demonstrate the use of 4 'ese plots.

INTRODUCTION

If the foundation of an underground structure settles, the pressure transmitted to "he structure is reduced with
the corresponding increase of pressure in the neighboring soil . This phenomenon is known as ar&cing. ArchnE. due to
the displacement of a rigid korizontal strip, or yieldiny oa a base, has been discussed by Terzhaghi (1) a,'d formulas for
the pressure transmitted to the strip or base are given based on o'.sumed failure planes. The magnitude of the displace-
ment to produce these failure plaies is not known. If the magnitude of the displacement is below a critical value, the
failure planes will not develop and the arching tormulas cannot be used effectively. At zero d'piacernent, the pressure

on the strip is equal to the pressure of the sxi! above the strip plus ary additional overpressure acting on the soil. The
pressure on the strip decreases as the displacement is increased. It should be possible to displace the strip to a critical
value such that all the pressure acting on the strip at no displacement is transferred to the neighboring soil. The
obiectives of this study are to establHsh the limits on the base displacement, to find the amount oa arching and the
pressore distribtion on the base for various coses.

W. D. Finn (2) has treated various pr blems dealing with stresses in idealized sodi media subjected to different
types of boundary conditions. One such problem deals with the stresses in soils due to the displacement of a rigid

horizo:nrai strip. The depth of the soil was taoen as infinite which imposes a restriction in adapting the solution t-

practical problems.
The present study deals with the stresses in a soil field of finite depth, h, due to the displacement of a rigid

strip of width 2b. The soil mass is assumed to be a homogeneous, elastic, isotropic medium and is subiectad to high

overpre.sures. If there is no displacement of the horizontal srip, the pressure p, transmitted to the strip will be equal
to the ovepressure, p., plus the pressure due to soil above the basi, Y h, where -Y is the density of the soil. However,
if the strip is displaced by an amount d, the pressure transmitted to it will be relieved by an amount equal to the
tensile Tormes induced on the strip due to the displacement d. Assuming that the principle of superposition is valkd, the

amount of arching (the anruunt of pressure that is transferred to the neighboring soil or the reducyion of pressure on the
strip) is equal to the amount of tensile forces on the base due to the displa,.ement d. However, as the strip settles,
zones of very high tensile stresses form toward the edges owing to the discontnuous displacement. Thus, when the ovcr-
pressuies are superimposed on the tensile forces, there will still Le residual tensile stresses toward the edges oi the base.
Since the soi; media ccnnot be expected to tronsmit tensile stresses these stresses are not considerea to contribute to

arching. TIis condition is specified when computing the amount of archinq.

*Assistant Tro.TessoFr o7Engineering, California S.ate College at Los Angeles, Los Angeles, California.
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ANALYTICAL AND EXPERIMENTAL STUDIES. I

ANALYTICAL DE, ELOPMENT PROCEDURE

Figure 1 represents a section through the soil mass of depth h and infinite width iub'ected to an overpressure of
P." The distance in t!'e i direction perpeidicular to the x-y plane con be considered as infinity. The width of tke rigid
horizi.ntal strip is 2b, and the amount of base deflection is given by d. The total pressure on the stri; *ith condition.
given in Case (a) con be considered to be equivalent to the £uperpcsition of Ca.e (b) and (cý. Case (b) represents a uniform
compression on the base exerted by the overpressure and so•i above the base, (p p0 + -Y h) with no displacement of the
rigid strip.

The distribution of pressure is indicated by 12. The tensile force -.istribution dye to the displacement d alone is
assumed to be 34567 as sh.-iwn in Case (c). The tensile stresses at the edge ore infinite due to the discontinuity of displace-
ment. The pressure di-tributin for Case (c) can be assumed to be given by the superpcsition of Cases (b) and (c) for small
displacements of the strip. It is to be noted that the tensile stresses due t'o the base displace!enrit reach the value of the
m!axi mum compression p, at some critical distance. xcr, from t-,e center ,f the baf09. Beyond -1his region the net pressure
on the base is tensile. These resultant tensile stresses in the region bei.aond .+_ xcr,. from. the center of the base are not
considered effective. Thus, the net :ompressive force acting on the strip is given by the area 456. The obiectives of ths
study are to find the distribution of tensile forces as shown in Case (c) by 34567, to determine the distunce, + xcr, at
which the resultant pressures become tensile ond to find 'he amount of arching as shown in Case (a) by 14562.

Evaluation of Stress Function
Since by assvmption there are rno strains in the z direction., the problem can be considered as one of plane strain,

and the appropriate equations of Theory of Elasticity can be used (3). The positive directions of the stresses ex,, al .nd
x/are shown in Figure I . Since ?+he surface ;f free of applied pressure, the botinday conditions for Cqse (c) at y= h

are given by,:

if --0 i1)

~r (2)

ty

p 4 1

h 
00 0

6 -4-- d b b b- I d

P P . 4

611 6
I' cOflpf*I.Ol 2o

5 I5 

9w.5,on

0• 1(b ) ( c)

Fig. I Stress Distribution Across the Width of a Rigid Horizontal Strip in an Elastic Medium
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SOIL-STRUCTURE INTERACTION

The frictional resistance at the base, y = 0, can be assumed to prevent any elhngation in the x direction at thal
level. Thus, the strain in Ihe x direction at y = 0 is (-x - Pey = 0 (3)

where a M-A P (4)
E E

The displacement v, in the y direction at the boundary y = 0 is given by

v = -d for -b < x < +b
and

= Oforx <-band x>+b (5)

The displacement nt the boundary can be expressed in integral form by using the Fourier cosine integral:

v(X)= Cos ax da f v() cos ax d X (6)

Thus, the displacement at y = 0 as defined by Equation (5) can be obtained as

Go

v(X) 2d s -- b cos ax da V)

Where a and A are variables of integralion.
The displacement, v, can be expressed in terms of strainsCy in the y direction as

C = !- = 0 a Pa (8)
and y ýy y x

v =-fCydy + g(x) (9)

To solve for the various stresses in the media, with the given boundary conditions, Airy's stress function (2) in the
foollowing form is assumed: o [

=f - A eay+ B&oey + C e"'Y+ Dc~e"'y cosoix dx (10)

where A, B, C, D are constants.

It can be shown that the above stress function 0, satisfies the biharmonic equation

4 + 4xby =A+ 2-.ý- + 0 (11)
4 2 2

ýX ýy ýy

The stresses in the media are related to the stress function by the following relations.

a2n
x c~2

2

Y 6y2

xy Xý y (12)

The constants A, B, C, and D are found by using the boundary conditions (1), (2), (3), and (7) as specified above. The
function g(x) in Equation 9 can be shown to be zero after appropriate substitutions and integrations using the conditions
that v = 0 for h-.o.o. The relations for the constants A, B, C, and D are as follows:
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A = [ C (-2,h - 1) + D (-2c 2 h2) ] -2ch (13)

B = [ 2C + D (2xh - 1) ] -2oh (IA)[ -okih 2 2 1

o(2oh- 3)0 + (2oh + I 2, p - "15

e 2s (2oi h -3) 0 +9 (2~h + I~ } ..9y

d = ~ [-4ce h {30 2 _20fo +r2 _L l sin a"n +e-2h I (_40 2h2 _ I 2+ (-80,2 h2 + 4 )fp + (-4oAh2 
-2) 2

-3p 2 _Pf +f2 ] (16)
Substitution of the expressions for A, B, C, and D in Equation 10 and subsequent simplification will result in an expression
for the stress function. The stresses anywhere in the medium can be found by using Equation 12. However, since the or
stresses over the base are of main interest, only they are evaluated in the next section. Y

Evaluation of Stress Due to Displacement, d
The e-xp>ression for the stress c" is obtained by substituting stress function in Equation 12 and is given below:Y

e(y -4h)[ cc(fy+ py)_-2A

oL(y -2h) 2 2 (_2
+e Oyh . 2p("-h + hy) + 2p(-h + hy)j+ OgI P(-4h + 3 y) - yp'-2,6

+ea(-y - 2h) [ o2 I2,(h2 - hy)+ 2jp (h 2 - hy) I + 0c P •(-4h + 3y) - ypl+2,

f 2d +ey [ o I•+fy, +2 ] sin b.L cos xcato.
y j n e-4cxh [ -30 2- 2)5 +p 2]

+e-2ah[ 2  - p42h2 " 8f 5h 2  4p 2 h2 1 + 105 - 2 + 4,8f - 2'p21)

+(-30 - 2)f + f2) (17)

This expression for M'y can be specialized to obtain the pressure distribution across the horizontal strip by inte-
grating and then substituting y = 0 in the final results. However, with some care, y = 0 can be substituted in some terms of
the numerator of the integrond before performing the integration and the following integral is obtained for Oa along
y = 0. y o

I-4h -2 e &Ly
ysO _/ Ce-4och + e2-0h (C 4042 h2 + C 2) + 1e cosx dcv (18)

where O

C s02 - 2~p - y 2
C1 -3A 2 _2pp + f2

C2 = 10#2+4A -2p 2,2

2 -32 2 2 +j 2

_ d [3 I f 2
3352 S-3_2 - 216f +
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C4 dE -2/1C3

or

C 2,8

1TE (-3,8 2 - 2AP + )
CI, C 2, and C4 are dimensionless constants and C3 has the units of pounds per inch.

The integration of the expression given by Equation 18 is achieved by expanding the denominator into series. The
resulting expression is shown below.

a =o C 4dE f~ I -e 2ooh (CI 40L 2 h2 + C 2) + 6-4*h [ (C, 4 02h2 + C2)2 _1]

0
_e-6o h [(C, 40 2 h 2 + C2)3 -2 (C1 40E2 h 2 + C2)] + -8oh [(Cl 4 0 2 h 2 + C2)4 -3 (C' 4*2h2 C2)2 +1]

-e .. .+... -e x 2sin boL cos xot doe (19)

or

y" ' oCri C*(])+ 0.2) + 0"13) + o"14) + 0"15) + c"(6) + (.. (20)yo y'o y'o 0 y'o yjo yto 0 y'o y'o

where

C--0 -•-CdE [r1  e- [ 4 ,h + 4 he 2 •'h -e •*-] [2 sin b -= cos x [] do-
y,o I J

f[ 2 sn o h o 22',, 1 [sib(2) C4dE e [(C1 40( 2h2 + C2
2 l [ e-4och + 4 he-2oh - e-my][ 2 sin bt cos x c] dc

Ybo

(3) -4(h22 2-m 2x c

Ino th 4 d E sen (tCd It0he +s Ci ter ) Ifthe inin te heis e c - 0sY1ere2 ade uat t o r corser t a do. th

a'rsi E fo-' ae [(C4l u ht + Ci2 )3 - 2(CI 4t hn + Co) ro nhe + 4expe-2fh - "Ie vu2I
[2 sin bat cos xax] dmx

=r C dEj -8a r(C1 4 d2h2 + 3(CI 4c2 h2
+C)+] [ +4~ + 4che-2h

[2 sin bn cos xoI d

(6) < 4dEfw xh (CI 40 h 2 + C2) 5 
- 4(C I 4X2 h 2 ) C + 3(C1I 40L h + C32 )]

[-4cxh _2(X -h - r dc
L 1~- ox (21)

In the present study the first six terms of the infinite series are cc s'sdered adequate to repr sert a., o. The
expressions, far (1~)o are evaluated individually and then y is set to zero. In the expression for a-01 if theyvaolue of zero
for y is substituted in the integrand, the improper integral '

Jsin boL cos xoL JoL
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does not exist (4). However with the term e" in the integrand, the value of the integral is given by

-C 4 dE feuy 2 sin bat cos xot dot = -C 4 dE y 2 + (b+x) 2 y2 + (x)2 (22)

and the limiting value as y --w 0 is ýiiven by

-C 4dE [g.7..LX+g.W.I. (22b)

Th final expressioni for a' j,)ore obtained after the evaluation of the integrals in Equation 21. These expressions
f o oare non-dimensiona ized by (d/h) E to give S's.

Thus (i)

S. = (23)

It can be noted that d/h indicates the uniform strain in the media if the base extends to infinity, and (d/h) E represents
the corresponding uniform stress in the media. The following notations ore used while expressing S.'s.

xI

A (i) () = I (1+ )l

B1i () Q ih (I- G)

A(1) 2(J) = I+ b. (I+x)] 2 J

B (1) 2 (J) I ) + [7(10 G (24)

The lost two notations are used only in the denominators of the expressions for Si's and i ? I . The resulting
equations are:

4A421 W41 A222 B222 1 "

( 0 C 3.A61 - A63 +3.861 -863 1 5 "" -- A43 841 -83 1
s2 : t • 4 c1' " 1A""43- ÷" +

3.A21 - A23 + 3-21 -8B223

+ A 223 3 B223 
_ _

+L A6 1+ t -0.5 [ A4** +841 + . A21~ 8 21
2 6 A621 B 621 A422 8422 A221 822 (25b)
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S3 = C= C C1 2 0.0117188 5.A81- 10-A83 + A85 + 5-181- 10.B83+8 B85

+0.1646091 [6"A61 - 20°A63 + 6°A65 + 6"B61 - 20"B63 + 6B65 1

-0.375 [5"A41 - 10A43+A45 5B41 "10B43+ B425

[ 3.A81-A83 +3.B81-83

"+ C C 0.03125 3 l A823 + 823

I__.A__4.A_ 4.86-4.863
+ 0.1481481 [4A6 2-4.A63 + B624 ]
- 0.25 /3.A41 - A43 + 3.41 -43

-0.5 L A423 U27-~~~~

"+ C 2_-I) 0.125 A81 + 8811 +0.1111111 L2A61 2+ 2-161
2LA 821  8821 j A622 1622J

-0.2 A41 +841 i
-0.25 L21 +M2 ~ (25c)

s C -C3 _0.004608 [7-A101 - 35-A103 + 21 -A105 - A107L'ýd A1027
+ 7-B101 - 35-B103 + 21°1105- B1071

+ 710 - 1027 1

- 0 . 07 690 4 3 F 8.A81 - 56*A83 + 56-A85 - 8-A87
A828

8.181 - 56.B83 + 56-B85 - 8-B87
8828 8

+ 0.1646091 F 7.A61 - 35-A63 + 21-A65 - A67
I A627

+ 7"B61 - 35 B63+21865 - B67]

*C2C -0.01152 5,A10 - 10-A103 + A105 + 5-81101 - 10.B103+ 81051

+ 2 °0 A1025 B102 5

S6 A81 20 A8 3+ 6-A85 + 64 B81 - 20B 83"+1 6 85
A826 B826 "

A625 862

* 3CC _2 -0.008 F3-A 101- A103 + 3.8101 - B103

(31C2  1 L A1023 81023

- 0023375 4-A81 - 4-A83 +4.881 - 4-1183
0 I247 A824 B 824 3

+ 0.0370370 3-A61- A6 + 3-6 6
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3_ [A 0, lO "1 -002 21A81, 2"1811

+ (C2 -2C 2) -0.10 - -0.0625 A + B822
F-A6, B6,1

0.6666L[A621 + 2-1] (25d)

400020005 [.A121 - 84-A123 + 126.A125 - 36.A127 + A129
5 (d/h) E 1  L A1229

S9"B121 -8498123+ 126"8125- 36"B127 + 8129]
4- 9B1229J

+ 03 1 A101 - 120.AI03 + 252.A105 - 120.A107 + 10.A109+- 0.0371589 L 101
L A10210

+ 10"B101 - 120-B103 + 252"B.105- 120*B107 + 10.B109]

- 0.076903 F9.A81 - 84.A83 + 126.A85 - 36-A87 + A89
A829

9"B81 - 84"183 + 126"B85 - 36-187 + B89+ 8~829

" C 3C 0.0051440 7AIA121 35A 1 2 A125 - A127

12 LA1227

7.B121 - 35.B123 + 21*8125 - B127+ ~B1227

S18"A 01o - 56.AI03 + 56-AI05 - 8-AI07
* 0.0516096 L A12A1028

+ 8o8101 - 56.B103 + 56.8105 - 8.B1071
81028

S07"A81 - 35-A83 + 21"A85 - A87
- 0.0878906 L A2I A827

7.881- 35.B83 + 21,885 - B87] •.B827 !

" (2C 2_ )C12 5 0.0046296 5"A121 - 10"A123 + A125 + 5"BI21 - 10'8123 + B125
2 1 A1225 B1225

+0.02304 6"AI01 -20"A103+ 6"A105 + 6"8101 - 20"8101 + 6.B1051

+0.230 LA1026 B 102 6

"-0.0351503 5*A81 -5 .A6- 3 + A85 + 5 "B81 - 10"983 + 885 18
L85 8825 j

+ (2C 2 -3)cC 2 0.0092593 [ 3"A121 - A123 + 3.B121 - B123 J

0 4.A1o, - 4.AI03 4.8101 - 4.81031
+0.0192 L A1024 + B1024 j

03A81 - A83 + 3.881 - 8831
- 003125 [ 8A823 ,882
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4 1fA2 8121 ~2-A101 2.8101+ (C2 .3C 2+1) 0.0833333 AA121 +iB1i 21"1- A .04 2A 10+ 22
-0.25 A81 +B81 "

-0.125 A1 B8 (25e)

and,

$6 : = :C4  -0.0009176 11 *AI4 - 165*A143+ 462-A145 - 330-A147+ 55*A149 - A1411
6 C4 Td_/h)E 1A14211

+ 11-8141 - 165"B143 + 462.BI45 - 330.0147+ 55.-149- B1411]+~ B14211

0.018337 5 12-A121 - 220-A123 + 792-A125 - 792-A127 + 220-A129 - 12-A1211

I A12212

+ 12.B121 - 220-B123+ 7928B125 - 7928B127 + 220"B129 - 12"81211]
+ ~B12212 .

+ 0 0371589 1A1O1 - 165'AI03 + 462-AI05 - 330"AI07 + 55"AI09 - A101 1
F AI0211

+ 11.8I01 - 165"BI03 + 462-BI05 - 330"BI07 + 55-BI09 - B1011 1

+ C1
4C2  "0.0024979 [9.A141 84-A143 + 126"A145 - 36*A147 + A149

9-B141 - B4-143 + 1268B145 - 36"B147 + B149]+ B81429J

0.0300069 rI0.A121 - 120*A123+ 252"A125- 120*A127+ 10-A129
A12210

10"1121 - 120-B123 + 252B1I25 - 120"B127 + 10.B129]+ B612210

+ 0.0516096 r9.AI01 - 84"A103 + 126"A105 - 36.AI07 + A109
IAL A1029

+ 9-B101 - 84-BI03 + 126"8105 - 36BI07 + B109]BI029

+ C 3 (5C 2 _2) 0.00087 43 F7AI41 -35-AI43+ 21*A145 -A147L 2 1427

+ 7-8141 - 35-B143 + 21-B145 - B147]
4- B81427

0.8.A121 - 56-A123 + 56*A125 - 8.A127

-0.0I60014 L A1228

+ 8-B121 - 56-B123 + 56-8125 - 8.B127]

+ 7-AIOI - 35-AI03 + 21 -A105 - A107
+0.009216 L A12

A1027

7.B101 - 3564 I03 + 21.BI05 - BlOT]

364



ANALYTICAL AND EXPERIMENTAL STUDIES, I

+C 2 (5C23 6C2 -0.001428 5"A141 - 10-A143 + A145 5"BI41 - 10"B143 + B1451
(5C2  2 .012 A 1425 B 81425 J

-0.005144 [6"A121 - 20"A]23 + 6-A'125AI2 + 6.B121 - 20"B123 + 6"Bi25.]12[ *11 A1226 81226 ]J

+ 0.00768 S"A101 - 10A103+ A105 5"B101I " - 103+ B1053 A

C(5C 412C 2 +3) 3*A1 41- A143 3"B141 - B1431
SC 2  2 A3423 01 B423

-0.0046296 [4AI2 - 4*A]23 +4-Bi21 231

+0.008 3-A101 - A103 + 38101- B103
L A1023 B1023

+ (C 4C -0.071426 A44 B4' - 0.027778 2A21 +2121
2 ~2 2 A12 LBM -BL 1222J

FAlO B 0''P(21
+0.1 LA162 +T~ I'021] (250)

From these expressions, it can be seen that

S S I (b/h, x/b, u)

and 6
S =' Si

S =l~ (26)

A digitcl computer program is written to evaluate the six terms of the series for several values of the parameters
as shown below:

b/h = 0.05 0.4 0.8
0.1 0.5 0.9
0.2 0.6 1.0
0.3 0.7

= 0.1 0.25 0.3333 0.5

x/b = 0 to 0.95 at intervals of 0.05

Distribution of Pressure on the Bose
The results showing S verus •gb for different values of b/h and jA are given in Figures 2 through 5. In all these

cases the value of S reaches infinity at xVb = 1.0 due to the discontinuity at the boundary. For smaller values of b/h,
the curve in the central portion is flatter than for larger values of b/h. For tfe extreme case of b/h = 1 .0 and & = 0.5
the pressure at the center of the base, that is, at ,Vb = 0 is in compression, whereas for other portions of the strip the
stresses are tensile. Comparing the plots for various values of u , it can be seen that there is little difference in the stress
distribution except for the extreme cases of b/h = 1 .00.

The intensity of the resultant pressure at any point on the base when the soil of depth h is subjected to an over-
pressure of p is given by

Presultont = < Po + yh - (sO > = < p " coo > (27)
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and nondimensionalizina bv (d/'h) E Equation 27 can be rewrItten as

(p resultant) - S
dE dE (28)

The pointed brackets on the r7aht i'o:d side of the equation indicate that the expression is equal to zero for
negative values of (ph/ dE - S).

Computation of Arching
The ratio ± xcr,"b, for which the resultant pressure becomes negative can be found for any, given set of b/h, /A

and ph, dE parameters. Thus, the total tersile forces, R, over the half width of strip due to displacement d, can be
obtained by integrating six stress ter!?s as given by Equation 25, with respect to x, evaluating the definite iniegral from
0 to +xcr and adding the tensile force! from Xcr to b. Thus, the amount of crching, that iý, the total pressure transferred
to the neighborin% soil!, is given by,

R -EPy p(b- Xc) (29)

where

( f) = cr r dx

Thus,

R
percen-:dge of arching -- 1:a )00

S + I -- 100 (30)

where 6 6 M

A = Ai pb

cnd

A -A. (b/h,/, ph/dE)

The expressicns required in Equation 29 become less involved, if the integration is first performed with respect to
x and then with respect to Of starting from Equation 21. The expressions for Ai's are given by Equation 32. The following
notations are used in Equation 32.

J

C (i) (J)r I

J

D (i)(J) b -

2. J

C~~ ~ ~ ~ Ji ) I I

D (i) 2(J) I b (I L) 2r J31

Where i j and ike last t'v,o notations are used only in the denominators except when used with logarithms.
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A (l) c4 1 C421 1 -ioy. {l
pb ' 3oU4-21 -C22-1- -D22-

dE (32a)

Sic4 F C6-_2 -1 D62
pb bn 11 1011 C6212 D62

~ dE -

-0.05 - + 3 C42 -1 +3 D42"
C423 D423 :

FI +C22 -1* ['22]S1.0 L C222 0222

+c C, -0.5 logC621 ] F-I.I1 0.5 log L22
z D06211 C421 6421 D221, (32b)

S;c4 2 • -i_ + 6 C82 - C84 - + 6 D8,2 - D84/A c3- r 0.0234375' --.
p7 )) - L C c824 D824

+ 7 F -1+ 10 C62-- 5 C64 -1 - 10 D62-55 D64

+ 0.1975309 L C6502

-0.375 -I+6 C42-C44 -1-+6 042-D0447
-035 i C424 D424

CC ) 0,125 -1 +.C82 -1+0D821
12 C822 08221

SF-1+3 C62 -1+ 3 0621
L 0.2962963 C623 - 623 J

-0.50 1-+ C42 -1 + D424"
~C422 D 422]

+ ", 2 1 0.5 log 821 0  - 1I - I-0.5 log i C421
2 0821 i-C621 0U621 0 421 (32c)

A () C 3  0.00768 15 C102 -1•5 C104+ C106 -1 + 15 D102-015 0104 + D,06
4 pb I C1026 010261

F L_ 0.0878906-1 + 21 C92-35 C84+7C86 -1+21 D82-35 D84+7 D86I C827 D827 0

+ 0.1646091 1+15C62-15 C64+C66 - 1+15 D62-15 D64+D661
C626 D626

+ C c -0.088 -I +6 C102 -C104 -1 +60D102 - 0104
+1C 2 C2 {"0.0288 L2 1+ C1024 D1024

"- 0.140625 - 1+ 10 C82 - 5 C84 -1 + 10 D82-5 D841

L C825 0825 J
"4"0.2222222 - I + 6 C62 C64 -1 "+6 D62- D64

.622 0624
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"*3C C 2
2 _2.)c 0.04 [ + C102 --1 D010 2

C1022 D1022

SF-I+ 3 c82 -1 ,-3 D82,
0 C823 D823 j

+0.1111111 F -1 + C62 -1 + D62-
L C622 D622

3_ C621F1 11 05ogŽ~
+ (C 2C -0.5 log =2' -0.5 L+C8 +0.5 0621 (32d)

p (L0 C4 r4 -[ + 28 C 122 - 70 C i24 + 23 C 126 - C 128
A - 5 "i4 0 30 0 C1228

- + L 28 D122 - 70 D124 + 28 D126 - D!28

D 1228

+ -I 36 C102 - 126 C104 + 84 C IO, - 9 C108
LC c 1029

-1 + 36 D102 - 126 D104 + 84 D106 - 9 D108"
D1029

- 0.0769043 F- I28 C82 -70 C84 +28 C86 - C88

L C828

"-I 28 D82- 70 D84+28 D86-D88]

*+C13C2 0.0102881 +- 15 C122- 15 C124+C126

L C1226

-1 + 15 D122 - 15 D124 + D1261
N1226 J

3 [-1 + 2, C102 - 35 C104+ 7 C I6+ 0 .0737280C 02
/L c 1027

-1 + 21 D102-35 D104- +7 D1061
D1027 J

-0.1171875 - I +15 C82 - 15 C84 C86
C826

-'1- 15 D82-15 D84+D86

-1115 D8263
PC2_)C2 0.0138889 -1+6 C122-C124 -1+6 D122 D124]

2 2  2 L.-1+9C1224 D1224

+0.04608 I-+10 C102-5 C104 -1+10 D102-5 D1041
+ U1JU~J LC1025 01025

S0.0703125 -I+ 6C82-C84 -1+6 D82-D84
C824 D824
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+ 2C 2 [ r- I+C 122 -1 1D 1221
22 0.0555556 L 2C122 - 1222 j

S-1 + 3 C102 -1 + 3 D10204
C1023 D1023

- 0.125 [ C82 1 D- 2 .082
C822 D92 2-

+(C 4 3C 2
2 , 1) 0.5 log C221 +0 1 1 " 0.5 log C821 3

D122I L C102 + FD-0-21 011 (32e)

A (6: _b_ -15_040012846 1+45 C142 -210 C144 4 210 C146 -45 C148-+C1410

6 b~ (L) C 14210

-I * 45 D142 - 210 D144 + 210 D146 - 45 D148 + D14101
D14210 j

00200046F -1 + 55 C122-330 C124 462 C126- 165 C128+ 11 C1210
4L C12211

-1 + 55 D122 -330 D124 462 D126 - 165 D128 1 11 D12101
D1211 j

+ 0.0371589 r -1 + 45 C102 - 210 C104 + 210 C106 -45 Ci08 + C1010

L C10210

-1 + 45 D102 - 210 D104 + 210 D106 - 45 D108 + 1010

D00210 
!

+CI 4 C2 -0.0043714 + 28 C142 - 70 C144+ 28 C146- C148

-1 + 28 D142 - 70 D144 +-28 D146 - D148]
D 1428

-0.0400091 -1 + 36 C122 - 126 C124 + 84 C126- 9 C128
9L C1229

-1 + 3 6 D122 - 126 D124 + 84 D126- 9 D128]
S..... D1229J

S0- -I - 28 C102 - 70 C 104 ý 28 C106 - 0108

+ 0.06451? L C1028

"-1+28 D102 - 70 D104+28 D106 -D108]

- C1 3(5X2-2) - 0.002040f -1 + 15 Cl1426Ci44 C146

-1 + 15 D142 - 15 D144 + D146

D1426 0

.0.0102981 - I + F I C122 -35 C124 + 7 C126
L C 1227

-1+ 21 D122-35 D124+7 D126]
D1227
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+ 0.015360 [-i + 15 C0102 - 15 C104 + C106
L C 1026

"-1+ 15 D102- 15 D104+D106

-1+ 15 DD1026 D0 1~

"C 1
2 (5C 3 -6C 2 ) - 0.0049979 [-16 C142-C144 -1+6 D142"D D14

- 00123457 r1+ 0C122 -5 C124 -1 + 10 D122 -5 D1241
L C1225 D1225J

+ 0.0192 [I+6 C102-C104 -1+6 D102 - D1041 C
C1024 D1024 j

"+C1 (5C 2 412C2 +3) -0.0204082 L + C1422 - +D14214

- 0.0185185 [ -13 +3C122 -1+3 D1221

C 1223 D1223

L -1 +C102 -1+D102 1
+0.04 C1022 - 61022

"2 (C2 -C+X0.5 1, C421 -0.3333333 D,122-, . o 2
( 2  2 D1421 C1221 D1021

(32f)

A digital computer program was developed to find the value of x /b, if the parameters ph/dE,/4, and b/h are
given. The program initially assumes a value of v/b = 0, computes the vaiue of S and compares it with phidE. If the value

of S is greater than ph/dE, it indicates that the net pressure on the base is tensile and an Arching of 100 percent is indicated.
If the value of S at ý/b = 0 is smaller than ph/dE, then a certain increment is given to xb and a new value of S (V/b, b/h,
p4) is computed and is compared with ph/dE. If the difference between these two is less than or equal to 10- 5 , that value of
Wb is taken as xcp/b. If the difference is greater than 10- 5 , the program assumes another value of x/b and the process is

repeated until the value of xcr/b is reached. For values of x/b approaching 1, the computer takes a very long time to iterate
and find the value of xci/b• In cases where the number of iterations exceed more than 100, the computer prints out "number
of iterations more than 100 to find Xcr" and proceeds with the next problem. After the value of xc,/b is computed, the

expression for Ai's are evaluated and the percentage of Arching is computed using Equation 30. For any problem, the value
of b/h, M, ph/dE, xc/b, A], A2, A3, A4, AS, A6, A and Arching are printed. The following values are used for the
parameter ph/dE and the range is considered adequate.

ph/dE = .01 .1 1 10 100 1000
.0125 .125 1.25 12.5 125
.015 .15 1.5 15 150
.02 .2 2 20 200
.03 .3 3 30 300
.04 .4 4 40 400
.05 .5 5 50 500
.06 .6 6 60 600
.07 .7 7 70 700
.09 .9 9 90 900

The value of x /b is zero when the arching is 100 percent and at zero percent arching the value of xC1./b is very

nearly one. Figures 6 tý.rough 9 indicate the variation of xcr/b with ph/dE for Poisson's Ratio equal to 0.1, 0.25, 0.3333

and 0.5.
Figures 10 through 13 indicate the percentage of arching versus the parameter pl/dE for different values of b/h

and Poisson's ratio,/.A. For each value of I/h, the percentage of arching decreases with increasing values of ptv dE.

Comparing the plots of arching versus ph/dE and xc/b versus phidE for dofferent values of Poisson's ratio, it can

be seen that the effect oa Poisson's ratio can be neglected over a wide range of phidE for small values of b/h.
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Fig. 7 Distance to Point of Zero Pressure on the Bose for ýi. 0.25
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Fig. 8 Distance to Point of Zero Pressure on the Base for p. 0.3333
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Fig. 9 Distance to Point of Zero Pressure on the Bose for AL
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Fig. 10 Arching Due to Deflection of the Base for 0. 1
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Fig. I I Arching Due to Deflection of the Base for ~u 0.25
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Fig. 13 Arching Due to Deflection of the Bose for ýk 0.533
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Illustrative ExarTle
It is desired to find the amount of arching when a horizontal rigid strip of 24 feet wide, buried under 17 feet of

soil cover underoas a lield displacement of 2 inches. The soil is subjected to an overpressure of 100 psi. The modulus
of elasticity of the soil, E, is 10,000 psi, Poisson's ratio, $ is 0.25 and the density of soil, •' , is 110 pcf. Thus,

b 12 feet

h 17 feet

bih 0.706

PO 100 psi 110 pcf

00

ph p+1h l(11 3) (17) (1)3 psi

p Po + ?rh -- 1] 3psi

yield parameter, E± _113) (17) (12)dE i () 100000) :1

It can be found from the plots in Figure 7, that the value of xcr. b is 0.77, and that the amount of arching is
52 percent for b/h ý 0.706, and ph,/dE 1.15. The distribution of pressure on the base can be obtained from Figure 3.
At x,/b ý 0, the pressure, p, at no yield displac.ment is reduced by r 0 - 20.6 psi where CT is ootained from

S - hidE =0.21. Thus the net pressure on the base at xi 0 is 113y- 20.6 92.4 psi and reduces to zero at o dis-
tance ± 0.77 x 12 :: + 9.24' from the center of the base. Experimental data to determine the validity of the theory are
not available at this time. However, these results were cumpared with some unpublished data obtained by U.S. Army
Engineer Waterways Experiment Station for a very similar case and the trends for the amount of arching are similar to
those given here.

CONCLUSIONS

The analysis indicates that arching for the case considered here varies from 100 percent to zero percent, depenaing
upon the three parameters, b/h, phidE, and, 4. However, for practicul pur;'oses the effect of Poisson's ratio, M, car. bt
neglected over a wide range of parameters. An illustrative example is given to demonstrate the use of these plots.
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ATTENUA TION OF STRESSES FOR BURIED CYLINDERS
by

Jerome Q. Burns* and Ralph M. Richard"*

SYNOPSIS

An analysis is presented for the interaction of an elastic circular cylindrical shell embedded in an elastic medium
which is loaded by a surface overpressure. Noncdlimensionalized equations are presented for the interaction loads between
the shell and the medium; for the thrusts, moments, and displacements in the shell; and for the stresses and displacements
throughout the medium. The manner in which the circumferential extensional stiffness of the shell, the circumferential
bending stiffness of the shell, and the shecl load transfer betwe,ý , the shell and the medium influence the interaction
problem is clearly indicated. The analysis is made through the use of extensional she!l theory for the shell and Michell's
formulation of Airy's stress function for the medium. The equations for the medium reduce to the free cavity case if the
shell stiffnesses become zero, and reduce to the rigid inclusion case if the shell stiffnesses become infinite.

INTRODUCTION

It is the authors' belief that a thorough understanding of the distribution of stresses around an elastic cylinder
embedded in an elastic mrdium will be a helpful, indeed necessary, step toward understanding the actual soil-culvert case
which involves an inelastic medium. Therefore, an analysis has been made for the interaction of an elastic circular
cylindrical shell in an elastic medium which is loaded by a surface overpressure as shown in Figure 1. The analysis is
applicable to deeply buried conduits since the loaded surface is assumed at infinity in the derivation. The practical depth
of burial for which this theory may be used is determined by noting where the resulting stress and displacement distribution
in the medium becomes essentially the free-field distribution. The depth is roughly one or two diameters depending upon
the properties of the shell relative to the medium. The results of this analysis are for overpressure only and are to be
superimposed on those conditions existing prior to the application of the overpressure.

The overpressure effects considered in this paper are the interaction loads between the shell and the medium, the
circumferential thrust and moment in the shell, the displacement of the shell relative to its axis, and the stresses and dis--
placements throughout the medium. The analysis indicates how the following three governing parameters influence the
effects listed above:

1. The circumferential extensional flexibility of the shell relative to the medium.
2. The circumferential bending flexib~lity of the shell relative to the medium.
3. The tangential slippage of the shell relative to the medium at the shell-medium interface; that is, the

tangential shear load transfer between the shell and the medium.
The analysis is general in that it is applicable to conduits ranging from "rigid conduits" to "flexible conduits" which are
embedded in any linearly elastic medium.

DEFINITIONS

The elastic medium parameters may be the elasticity constants, say, the modulus of elasticity, E*, and Poisson's
ratio, 14; or alternatively, the elastic soil constants, the constrained modulus, M*, and the lateral stress ratio, K. These
parameters are related by the following equations:

M* = * (1+) I 2•

and

1-/LK k

* Graduate Associate, Department of Civil Engineering and Engineering Mechanics, University of Arizona,

Tucson, Arizona.
"**Associate Professor, Department of Civil Engineering and Engineering Mechanics, University of Arizona,

Tucson, Arizona.
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It is ccx~veniert to define two nei• coostonts related to the lateral stress ratio; that is,

B - (1+ K) - 15( I .

and

C = (1- K) - ( _ )

The shell parameters are the mean radius of the conduit, R, the circumferential extensional stiffness per unit length, EA,
and the circumferential bending stiffness per unit length, El. It should be noted that these stiffnesses must be taken as

plane strain stiffnesses. For example, in the case of a conduit of uniform thickness, t, the circumferential bending stiffness

(D as used in shell theory) is (E/(I - 4u2 ) ) (0/12), and, correspondingly, the circumferential extensional stiffness is
Et/(l p u2).

PP

K P

8 P

Fig. I Overpressure Problem and Free-Field Stress State
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Ccr .enient rnon-di"en$ional s-ell-medium irftera'tior parameters are defined as the extensionoi fle.itIilil rafio,
UF, -'Iere:

UF 2B MR M*RUF 28 (l+÷K)-
EA E

and the bending flexibility ratio, VF, where:

M*R 3  M*R 3

VF = 2C• ( - K)

UF is an index to the relative flexibility of the shell and the medium under uniform interaction loads. VF is an index to the
relative flexibility of the shell and the medium under varying radial and tangential interaction loads.

MATHEMATICAL FORMULATION

The conduit and the medium are analyzed as a structural system. The determination of the stresses and deformations
throughout this system gives the conduit thrusts, moments, and displacements, and the medium stresses and displacements;
hence, the interaction loads and the arching phenomena are evaluated.

The problem is solved using Michell's stress function (1) for the medium,

2 2 r2
= a log r+b r +c r log r+d r 0+a' 9

0 0 0 0 0

d13 1-
+ - r 9 sin Q+(b r +a r + br log r) cos r

2 1 1 +brl7~cs

- r 0 cos g+(d r "r dIr log r) sin I2 1 1 +dlgrsn

+E (a rn + b r 2 +a' rn +b'rn+2 cos n  1

n=2 n n n n

' (cnrn n+2 +cr-n +dr-n+2s.cr+ d r +c +d )sin n0gPE n n n n

and extensional shell theory for the conduit. The
notation for the shell and the medium ore given in M
Fig~ure 2. Note that the sign convention is completely
reversed from that usually used in elasticity, so that the
pressure may be considered positive in order to be con-
sistent with the sign convention normally used in soil ,
mechanics.

For the planar problem, the equilibrium
equations for circular cylindrical shells (2) reduce to,

dNdM 22

d2MR

+RN = PR
dO

Fig. 2 Notation
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[• P- - fTgd Jdo I

R T dR f rQ

The displacement equations for circular cylindrical shells (2) reduce to,

d2v dw 2

do-2  do r TEA

dv Elj dw d+ w r P R2

R2EAL dO d@2 EA

from which, with the addition of an additional extensionality term, the equations for radial and tangential displacement
become,

d"4 .2 d 2 +Rw = R[ Pr + d

v = fwd R21 I
EA+ J Pr dE.AU M

The stresses and displacements in the medium are expressed in terms of the stress function constants by the use of
the plane strain elasticity relations. That is,

r r r

v1 40 or

Tr =* "r 0)

v fr do -f u4 f (I(- pL) 0' ~Wr4 -fudO

Certain of the unknown constants ore evaluated using the fre.-field stress conditions at infinity:

O" =P-CP co 20
r

0 = BP+CP co 20

T r = CP sin 20
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Thus, the stress function constants L, and a, are determilned to te:

b B

C

02 1 I1p

Enforcing the conditions of symmetry and pcar'dicity, all the rest of the constants except ao, an, and bn are found to be
zero. Using the value of the medium stresses at the loci of the shell (r = R) as the loads on the shell, the deflection of
the shell may be evaluated in terms of the remaining unknown stress function constants.

For the no slippage case, in which there is continuity of the radial and tangential displacements of the shell and
the medium, the conditions for evaluating the remaining unknown constants are the equality of the radial and tangential
displacements of the shell and the medium at the interface. Using these compatibility conditions, the stress-function
constants a' and b' are found to be zero for rn greater than 2. Additionally, a , a', and b' are found to be as follows:

n n o20
a =-BPI UF___ R R

Uo = BP U = - BP a*
o 0

a• = P C(I( UF)VF - (!ý_B)UF` + 2B R 4 =CP R 4

"2" I (1+B)VF+C(VF+ I/B)UF+2(I+C) 2(=P + Q2

b= -(B + CUF)VF - 2B ) R2 2-CPqR
2 • B)VF+C(VF+ 1/B)UF+2(I+C-

For the final equations, instead of using these constants directly, it is convenient to use the bracketed factors in the
above expressions. These are either unity, in the case of the first two, or the starred constants, in the case of the last
three. That is:

UF - I
o UF + B/C_

* C(1 - UFVF - (C/B)UF + 28

a2  (1 + B)VF + C(VF + V/B)UF + 2(1 + Q

* (B + CUF)VF - 2B
2 (1+ B)VF÷ C(VF + I/B)UF + 2(1 + C)

Thus, for any shell-medium combination specified by the five parameters, M, K, R, EA and El, the non-
dimensionalized parameters, B, C, UF and VF, may be found from which the non-dimensionalized constants, a* a* and
bi, may be determined. The results for the no slippage case may then be expressed in terms of these constants.

The stresses in the medium are:

r = P B [1-a.(R/r)2] -C [ -3ao(R/r) 4 -4o(IR/r) 2 ] cos 20}

_ B~ co rla(R/r)2  +C ~a /r)4] cos 2S

T Q= P C [I + 3al (R/r)4 + 2bj (R,/r) 2 ] sin 2O0

The radial and tangential interaction loads are obtained by setting r = R in the above expressions for the radial
and tangential medium stresses. Hence:

P p P [ I -a o- C [I-- 3a -4bc] 2,

8= P C2
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P2 4 2 4 2~ B C). (R r)' i i o r) 1 12 B)bý (k ) i co 26

S} i : - a ý (k r)4 + (2 C, 8)b •' 2 h,22L 2 2

The shell displacements may be obtained by setting r ý R in the above expression for medium displacements. Hence:

w ý 1+ (B/C)oJ- [I +a*+ (2/B)bj cos 20

v = [I- + (2C/B)b] sin 29

Through the use of identities, the important radial displacement may be written

w = P UF 1 - a* -VF - a- 2b* cos 2e

which has coefficients similar to those in the circumferential thrust and moment equations,

N = PR IB [ - a*] +( [ 1+a*] cos 29

The results given above for the no slippage case may be non-dlmensionalized by dividing each equation through
by its first term.

The full slippage case is treated similarly except that in evaluating the three constants ao, a' and b', the stress
condition of zero shear stress at the interface must be used instead of the compatibility condition of zero relative tangential
displacement. For this caim, I!ie constants are:

(U F- 11
(UF + B/C)

S(2VF- I + 14B)
2 (2VF - +3B)

bj* (2VF - 1)

Thus, for any shell-medium combination specified by the five parameters, M*, K, R, EA, and El, the non-
dimensionalized parameters, B, C, UF, and VF, may be found from which the non-dlimensionalizec constants, ao, at',
and bb*, may be determined. The results for the full slippage c€se may then be expressed in terms of these constants.

The strsses in the medium are:

o a- (R,/r)2 C I+ [ 3aj (R~r) 4 _4b* (R,/)2 ] cos 20

Cr=P a* (Ik''r)2• + C 4
P + [1+3o*" (R/r)J cos 2

Tr- _ P C r I- ._ 3' ( 1v'r)4 + 2bý' (R/r)2 ] sin 20
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tMriqenticl *lnte ti,r load IS, c' covse, zero. ilerce

P P B Io-] -C [I. -30 4 ] cos 29

The displacements in the rr ed iurn are!

Pr F 214U BC '(R )a*(R/'r) 4  (2, r~bj cos 29
-~ 2 ( /C 0 2~ri 2 co 2R,

V Pr I+ **(R,/r) 4 (2C/'8)b;- (R,'r)2 sin 20a 2 1 2L 2

The shell radial displacement may be obtained by setting r R in the above expression for medium radial dis-
placement, but the tangential displacement must be obtained directly. Thus:

wPI [I + (B7/C)a*] [1 -a..i (2/B)b*j cos 29

PR 1 V C2)F I+3* b* sn2vV _6 L 2 2 in2Q

Through the use of identities, the important radial displacement may be reduced to,

w = 1R UF [I- a] _-VF [I+3o'-4b;** cos 29

which has coefficients similar to those in the circumferential thirust and moment equationls, which are:

N-PRIB[1 Go* + [1 +3a; 4*4b1 cos 29

M f P C UF ic + 3a~ 4b.'.l cos 2O

As before, the results for the full slippage case may also be non-dimensionolized by dividing each equation
through by its first term,.

RESULTS

The results given by1 these equations may perhaps be best understood graphically os shown in Figure 3 through
Figure 8. These graphs are shown with radial distance =s the abscissas plotted to the %cale of the conduit along properly
oriented radii. The stresses and displacements ore plotted nion-dimensionally as ordinates, thereb~y clearly ;ndicating the
"sptial attenuation. Values ore given at the interface and at distances of one-half diameter, one diamete, and two
diameiters from the interface.

The interaction loads are given by the values of the radici and tangential stresses at the interface. Load mani-
fication is indicated by an increase in the stresses at the interface above the corresponding freei-field stresses; conversely,
load reduction is indicated by a decrease in the interface stresses beow the corresponding freet-field stresues. Average
load magnification or reduction is indicated by the uniform radial stress values which Q~r* plotted at a 45 degree anglef- it
is also indicated by the fiest term of the circumferential thrust, N. Radial lood magnification or reduction at the top and
sides of the culvert is indicated, respectively, by the vertical and horizontal radial stress graphs.

Similarly, the horizontal circumferential stress graphs and the maximum valve of the circumferential thrut are
indicativet of the arching phenomenam. It is this arching which governs, thet load that the conduit experiiencims relative to
the load that the medium, which the conduit is replaciing, would experience in, the freet-field state. The arching is called
positive if it transfers some of the load around the conduit, thereby resulting in j. reduced load on th. conduit. Conversely,
the arching is called negative if it transfers additionaol load to the conduit, thereby resulting in an increased load on the
conduit. Positive arching is indicated by an increase in the circumferential stress in the vicinity of the conduit above the
free-field stress state and a corresponding decrease in the maximum thrust, N, below the value of the freeo-flield vertical
stros multiplied by tke conlduit radius, i.ea., FR. Conversly, negative orching is indicated by a decrease in the circum-
feretntial stress in the vicinity of thet conduit below the free-field stress state, and a corresponding incres in the maximum
thrust, N, above the value PR.
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To facilitate understanding the interaction problem, comparisons are presented wherein each of the non-dimensional
flexibility parameters are varied independently. For the case UF = 0.1, VF = 100 and no slippage, it may be seen from
Figure 3 that there is an average load magnification ( Cr./P = .97 at the interface compared to the free-field stress condition

P/p = .75) with a load reduction at the top (.69 compared to 1 .00) and load magnification at the side (1.24 compared to
.50). Correspondingly, negative arching is indicated by the circumferential stress distribution in the vicinity of the conduit
being less than the free-field condition, and the maximum thrust occurring at the sides of the conduit being greater than
PR,(N = 1.251 PR).

By varying the extensional flexibility to UF = 2 while holding VF = 100, it may be seen from Figure 5, that load
reduction and positive arching is achieved. It should be noted that varying the extensional flexibility affects the interaction
loads and circumferential thrust considerably, but affects the circumferential moment only slightly.

By varying the bending flexibility to VF = 3 while holding UF = 0. 1, it may be seen from Figure 7 that the circum-
ferential moment is increased substantially whereas there is only a slight increase in the circumferential thrust considering
that this variation corresponds to a tremendous decrease in the bending flexibility for which the conduit haý actually pasbed
out of the "flexible conduit" range. Similarly, increasing the bending flexibility above VF = 100, while holding UF ý 0.1,
will decrease the moment slightly, but will cause very little decrease in thrust and ioad magnification. Therefore, once a
fairly high bending flexibility is attained, there is a wide range of bending flexibilities for which the interaction loads and
circumferential thrusts are more dependent on extensional flexibility than on bending flexibility. It should be noted, 1'ow-
ever, that reduction of the bending flexibility into the "rigid conduit" range will result in a marked increase in the impor-
tance of the bending flexibility on the interaction loads and thrusts as well as the moments.

INTERACTION CONCEPTS

It is apparent that the attenuation of the stresses and displacements is quite rapid (that is, the free-field condition
is essentially reached within the depth of a diameter or two) so that this analysis may be used for conduits placed fairly
close to the surface.

This analysis completely defines the stresses on orthogonal planes throughout the medium so that the principal stress
trajectories and the maximum shear-stress trajectories are known. The shear-stress, and its corresponding normal stress, are
known along these maximum shear-stress trajectories. Hence, if the medium is a soil with some assumed M* and K values,
it may be determined whether or not slippage occurs in the soil medium. If slippage does not occur in the medium, the
solution is valid and the arching follows the principal stress trajectories. If slippage does occur in the medium, insight is
obtained as to where the s!ip zones occur, and rational assumptions can be made as to how the arches form.

An improved analysis may then be made on the basis of these assumed arches and slip zones. For instance, since
slippage is a relaxation of constraints, the arches will tend to flatten thereby transferring more load to or away from the
conduit--depending, respectively, on whether the continuous case caused load reduction or load magnification. Thus,
even though this elastic analysis may not be the final solution, it provides a basis for more rational approaches than simply
assuming vertical slip planes of uncertain height.

The effects of the relative flexibilities are clearly indicated. The advantages of a "flexible conduit" with a
fairly high circumferential bending flexibility are indicated. Perhaps equally important, however, it may be seen that if
the conduit is in the range of the "flexible conduit", the parameter which has the greatest influence on the load magnifi-
cation or reduction, and hence the circumferential thrust, is the circumferential extensional flexibility of the conduit.
For instance, if the bending flexibility is sufficient (say VF is considerably greater than 10, if K = 1/2), a further increase
in bending flexibility may not be very beneficial since it will only slightly decrease the thrust in the conduit whereas it
may increase the buckling hazard. However, an increase in extensional flexibility may be quite beneficial since it may
decrease the conduit thrust considerably. It must be kept in mind that if buckling is not critical, increasing the bending
flexibility may still be advantageous in order to decrease the bending moment even though the thrust will not be decreased
appreciably.

For bolted steel culverts, which are in the "flexible conduit" range, the extensional flexibility may be increased
through seam yielding. It should be noted that seam yielding obviously invalidates the continuous shell theory, and the
interface tangential continuity in the limiting case of no slippage (there is no invalidity of the interface continuity in the
other limiting case of full slippage). However, the effect of yielding seams may be approximated, using this analysis, by
extending the definition of the extensional flexibility, UF, to include an average strain which is due to seam yielding.
The justification of this approximation, as far as interface continuity is concerned, is based on the fact that the actual
soil-culvert problem lies between the two limiting slippage cases; wherein, sufficient interface slippage capacity is
available for the intense localized interface tangential discontinuities caused by seam yielding. The justification of this
approximation, as far as the discrete degeneration of shell continuity at the yielding seams is concerned, is based on the
fact that the culvert is a "flexible conduit" for which the overall decrease in circumferential length of the conduit is more
important than the continuity of the extensional deformation, provided there is sufficient moment capacity to prevent
buckling. This moment capacity requirement, in addition to the desirable circumferential extensionality, Indicates an
advantage in designing conduits with yielding longitudinal seams rather than designing circumferentially continuous

391



SOIL-STRUCTURE INTERACTION

conduits, since moment capacity may be maintained in the case of yielding along overlapping seams but not in the case of
uniform plastic compression. Therefore, if the thrust reaches the yield strength of the conduit, an increase in extensional
flexibility through seam slippage may increase the load capacity; whereas, an increase in extensional flexibility through
uniform plastic action is inviting buckling and may result in conduit failure.

Extensional flexibility becomes even more important in the actual soil-culvert problem where the passive pressure
build-up at the conduit sides occurs at a higher rate than the active pressure decrease at the top; thereby resulting in
smaller moments and deflections but higher circumferential thrusts in the conduit than are predicted by the linearly elastic
case.

CONCLUSION

Equations are presented in non-cimensional form which completely describe the thrusts, moments, and displace-
ments in a deeply buried conduit as well as the stresses and displacements throughout the surrounding elastic medium due
to the action of an overpressure applied at the surface of the medium. The spatial attenuation of the stresses and displace-
ments is shown to be quite rapid with the free-field condition being essentially reached within ab'-ut two diameters. The
separate effects of circumferential extensional flexibility and circumferential bending flexibility are clearly indicated,
with the thrust being controlled principally by the extensional flexibility and the moment £e;ng controlled principoiay by
the bending flexibility. This study of the linearily elastic soil case of the soil-culvert system is a necessary starting point
and gives good insight into the actual soil problem. A brief philosophical discussion is included which mentions some of
the effects of an actual soil and culvert and indicates methods for further investigation through a system of arches and slip
zones. The validity of this theory and the resulting slip-zone-arch modifications which arise from it should be verified
experimentally.
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Author's note: A slight improvement is obtained by replacing the tangential displacement equation (p. 381) by:

v- wdQ - R T dQdQ

The only alteration will be in the two no slippage constants a* and bj (p. 382) which become,

= C(I-UF)VF + 28 - (C/2)(C/B)UF
2 (1 + B + CUF)VF t 2 (1 + C)+ (I + C/2)(C/B)UF

b* = (8 + CUF)VF - 28 - (C/2)UF
2 B(1 + + CUF)VF + 2(1 + C) + (1 +"C/2)(C/B)UF

and In the full slippage tangential shell displacement equation (p. 384) in which the minor term (C/28)UF vanishes.
All other equations remain the same; the plots are only slightly affected since only the final UF term, which is the
least important of the three terms in the a! and b* quotients, Is altered by some function of (C/2) which Is Itself
small (C/2 S 1/4).
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THE BENEFICIAL ACTION OF THE SURROUNDING SOIL
ON THE LOAD-CARRYING CAPACITY OF BURIED TUBES

by
U. Luscher* and K. H~eg**

A BSTRACT

This paper discusses the interaction between a buried cylindrical tube and the surrounding soil under high applied
pressures. It proposes a distinc•-,n of three types of beneficial effects of soil surrounding on the strength of the buried tube,
called pressure redistribution, deformation restraint, and arching. The nature of each of these three actions is examined,
and suggestions are mode for improvements in analysis and design of tube-soil systems.

BACKGROUND

The amazing load-carrying capacity of buried cylinders has been recognized for a long time and has been
extensively used in Civil Engineering practice, predominantly for buried conduits of all kinds. Recent new applications
have been primarily in protective construction, but also in the use of progressively larger conduits with shallow depth of
cover for highway crossings, and of conduits under large loads from traffic or high earth embankments.

Parallel with the development of practical applications, the mechanics of buried-tube action has been exten-
sively studied. Nevertheless, instead of a general understanding of the behavior, only practical solutions for certain
classes of problems have been developed. It is thus not astonishing that extensive new research had to be initiated in
support of the new applications.

At the present time, new research is being performed at many laboratories and on topics widely varying within
the overall subject. Problems of communication are therefore important. This paper tries to contribute to the coherence
of the many soil-structure interaction studies presently underway by presenting a general picture of the mechanics by
which the surrounding soil enhances the load-carrying ability of a buried tube. It is based on an extensive review of the
pertinent recent and older literature plus the authors' own research in this field.

The basic situation considered is the two-dlmensional one of a long, circular cylindrical tube, bu.ied
horizontally and loaded either by the weight of a high embankment or by overpressure applied on the soil surface above it.
(The two situations are equivalent if the depth of burial in the latter case is sufficient that no effect of the free surface on
tube behavior is present.) Only cohesionless dry soils are specifically considered; however, the conclusions apply, in a
general way, to any soil. Similarly, the concepts are developed mainly in view of static conditions, but apply also to
dynamic loading conditions. However, any phenomena peculiar to the dynamic situation (e.g. inertia) have not been
considered.

Any meaningful analysis of this situation must consider the interaction between the structure and the surrounding
soil, and thus must investigate the load-carrying ability of the structure-soil system. This paper suggests an analysis of
the soil-structure interaction in terms of three types of composite action: pressure redistribution, deformation restraint,
and arching. One can think of these beneficial effects as a counteraction, by mobilization of pressures in the surrounding
soil, to the tendency of the tube to deform in various modes (Figure I): I) The restraint against tube deformations in the
second mode (i.e., counteracting the deformation from the originally c'rculor shape into a horizontal ellipse) by mobll°-
zotion of lateral passive earth pressures is called pressure redistribution. 2) The action against deformations in the third
and higher modes enhances the resistance of the tube toward buckling failure, by forcing it to buckle in higher modes than
in the unsupported situation; this action is called deformation restraint. 3) Finally, the reaction of the surrounding sil
to tube deformations in mode one (pure compression) or zero (rigid body motion), by redistribution of pressure away from
or onto the tube, is called arching. Depending on the relative compliances of tube and soil surrounding, arching is called
active or passive.

The degree to which each of these three types of action is operating, and their relative importance, depends
upon the characteristics of the structure-soil system. The controlling parameters ore I) the depth of soil cover over the
tube, 2) the relative compressibilities of the structural tube and the sil it "replaces," 3) the general characteristics of
the soil "at large" and in the immediate vicinity of the tube (i.e., bedding), and 4) the type and distribution of the load
imposed on the system. Further, the relative importance of pressure redistribution, deformation restraint, and arching
changes with the level of overpressure.

*Asst. Professar of Civil Engineer'.ng, Maschusetts Institute of Technology, Cambridge, Mossachuset.
"*Research Assistant, Department of Civil Engineering, Massachusetts Institute of Technology, Cambridge, Masachusettm.
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Original Circular Shape

Deformed Shape

Mode Two Mode Four

Fi I Examples of Deformation of Tubes Into Modes

Before proceeding any further, it is important to identify the different ways ihat may lead to failure of the
tube-soil system. The word failure here refers to collapse rather than merely failure to function satisfactorily under
service conditions.. (That is, effects such as leakage through cracks in a concrete pipe, or deformations which are ex-
cessive for an assigned purpose such as clearance, are not considered as failure.) Failure may be caused by:

1. excessive deformation leading to caving-in of the crown of the tube;
2. local instability, as for instance demonstratee by a snap-through buckling due to local decrease in

curvature;
3. formation of yield hinges due to excessive bending in the tube wall, and collapse occurring when a

mechanism develops;
4. over-all elastic buckling of the tube wall (under hoop stresses which are excessive for the tube rigidity

and lateral support provided);
5. yielding in the wall due to excei'ive hooo stresws, resulting in general crushirg unless such a failure is

preceded by inelastic buckling due to decrease in wall rigidity.
In the following, the interaction is discussed in terms of the three interaction effects. It is realized that the

distinction is somewhat artificial and arbitrary, since the effects operate simultaneously and thus undoubtedly influence
each other Nevertheless, the distinction is useful for clarifying and organizing ideas.

PRESSURE REDISTRIBUTION

Up to the present time no rigorous theoretical approach has been developed to predict the pressure distribution
around a tube buried in soil The "ring-compression theory" currently in wide use is based on intuition and extensive
field experience It postulates that the tube-soil system adjusts according to the imposed load so as to minimize bending
in the tube wall,

In general terms the bending moment at any point along the periphery of a circular ring con be expressed by
2

M =" a Pmax r

where M M(Q) = bending morment
a = c(9z a factor dependent on the distribution of contact pressure

^max •highest rooial contact pressure

r - radius of ring

0 - central angle
For low loads cnd hence small deformations of the tube-soil system, the interface pressure between tube and soil is highly
non-uniioem- The factor "a' will thus be relatively high; however, since "p" is low the bending moments in the wall
will not exceed the bending resistance of even fairly flexible tubes Ai the applied pressure in the system is increased,
the tube-soil system starts to deform and to adjust according to the imposed load. passive resistance of the soil is gradually
mobilized on the sides of the tube, while simultaneously the rate of increase in contact pressure at the crown decreases
The result is that e,4en though the average pressure "p" has increased, the bending stric in the wall may have increased
very little or may conceivably have decreased because the factor "di has been substontim.ly rediced (see for example

394



ANALYTICAL AND EXPERIMENTAL STUDIES, I

Figure 2 taken from Luscher, 1964). If the tl)~e is flexible, i.e. , thin-walled or ductile, it w~ay further deform without
distress. The distribution of contact pressure will tend toward one that minimizes bending in the deformed tube section.
Thus a state of pure hoop compression evolves, which is the most efficient way to carry the food.

Top isideTube: 4-in, diameter, 0.035-in.

wall thickness, aluminum

C 0 Soil1: dense Ottawa sand

%.. Hop srainCover: 1/2 in.
.c! Bending strain

(0

Applied Pressure (psi )

Figý 2 Example of Measured Strains

There exist qualitative as well as quantitative justifications for such an interacting behavior between tube and
soil, and sai sfoctory designs have been completed an this basis (e.g., ,SBarnard, 1957; Whitt, 1961). Recent small-scale
experiments (Luscher and Hbo~g, 1963; Marino, 1963) have also confirmed th, above reasoning, and of the three types of
soil action discussed in this paper, pressure redistribution has been counted upon with most confidence.

However, the basic question which is of intcreasing importance, especially in the field of protective con#-
struction, remains to be answered: What are the criteria to ensure that a cylinder buried in a given soil Is to behave pre-
dominantly in a compressive made? Field and laboratory data (Peck, 1948; Albright, 1957; Whitman et *11, 1962: slason,
1963; Luscher and H~eg, 1963) have shed light on the problem and design recommendations (ASCE, 1961; Newmoii 1962)
have been made on the basis of data of this kind and much engineering judgomert. These recommendations tumuall can-
cern the depth of cover and th properties of the backfill beside the tube.

As an example of laboratory data on the effect of depth of burial, the authors (1963) observed in tests on very
flexible tubes buried in sand that th applied surface pressure required to foil the tube did not very significantly with
depth of cover, provided tie cover was more than opptrw'imatey 1/0 D (D a diameter of tube -1, 6 inches) However.
the maod. of failure dlepended greatly on depth of burial For a cover matie than opproaimately 1 11/21), the failure con-
sisted of a narrow longitudinal buckle (a type of failure treated in the next setion), and the tube could not be brougt to
collapse even faor applied pressures three times the pressure at buckling. Under continued load only a gradual widening
of rhe crease occurred. Tubes buried with a cover loss than oppr ixifmtely WAD foiled by sudden and complete collapse
with caving~ln of the crown. A depth of cover between 1/'4D and I 1/2D provided an Intermediate condition of protection
against collapse. From a structural point of view, the ductile behavior observed for the tubes buried below 1 V/20 is
highly dm~iroblo.

If the conditions of burial needed to develop the capacity of a cylinder In the cnmptesion mode are ro satis-
fled, "premature" failures may take place in the farm of excessive deformations leading to co-ing-in, or local instabilities
dlue to decreased curvature, or yield hinges leading to an unstable mechanism The exact conditions, however, ore nW
known.as yet. Current research oftM I.T. aims at providing clearer understanding of Owe influence of conditions of
burial and flexibility of the tube an the distrib~.teon mnd magnitude of contact preesure
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DEFORMATION RESTRAINT

Deformation restraint was defined in the introduction as the prevention of third- and higher-mode deformations
of the tube. It leads to a dramatic increase of the buckling resistance in comparison to the unsupported situation. This
is analogous to the increase in buckling load of a column which has lateral elastic support (Timoshenko and Gere, 1961).

Thus this effect is intuitively understandable and has been extensively relied upon in buried-tube construction
practice (see "ring-comprcssion theory"), but until recently the problem had not been accessible to analyticul treatment.
The important question is whether this action con always be depended upon to prevent buckling failure and thus to allow
use of the yield stress of the construction material for design, or whether conceivably a high-mode buckling failure may
occur. Recent experimental and theoretical research by the authors (1963) showed the following:

Buckling of on elastically supported tube is controlled by the equation~

7k 
El

f r
where p* is the uniform, radial tube buckling pressure, El and r are the flexural rigidity and the radius of the tube, and
k is a 'modulus of soil reaction" relating the local soil pressure counteracting buckling to the strain Ar/r. Meyerhof
(IN63) presents an almost identical equation

To predict p* for a given situation, k has to be determined, For a circular symmetric soil surrounding (Figure
3b), chosen iu, o;;ininote rnc effect of pressure dlistribution and for simple mathematical treatment, k 1.bock-calculated
from the experimental failure data was shown to be equivalent to the resistance of the soil ring to uniform, outward acting
pressure in the cavity. Thus k was dependent on the ring thickness and the "elastic" soil properties; see Figure 4. Since
these properties are not constoshts in a soil, but depend on the stress pattern, k is affected not only by the pressure p*
itself, Wat also by the arch~ng condition in the soil ring. Only for those comrblinotions of soil and tube for which the
arching effect is negligible con the modulus k be expressed as a function of p* alone, then the equation solved for p*.

An equation of this kind was obtair~ed for the Ottawa sand surrounding used in the study:
5/6

P=780

where F equas k /E as plottedl in Figure 4. The application of this eqution to the failure conditons of smooth-walled
tubes of differetn? mo~rials assumed surrounded by the some soil leads to the curves of Figure 5. The figure demonstrates
that the failure stress is controlled by buckling curves similar in nature to column buckling curves, also limited by the
yield stress, of the material. More tpecificolly, the figure indicateis, for various materials, the critical codus -to- thick net%
ratio% ot which the failure made changes froom compressive yield to buckling

Theme restraining effects we~ more, important than pressure redistribution or arching in many situations of thin-
walled tubes surounded by competent soil. Recognizing this. the authors compared directly results from" buried tuL*
tomt (L~uscher and H8*g, 1963 ; bulson, 1962) with theoretical predictions based on the above theory; see Figuore 6, While
as expected. on account of the neglected effects, the data do not conform perfectly to the theocry, the obiwirved agreement
Is still encouraing, It indicates t1hat this analysis representts a theoretical toehold on the problem, and might well lead
to a rigorous solution eventually, provided it piroves postiblet to consider in it the effects of pressure redistribution and of
arching far the general case of a buri-ad tube

ARCHING

As on indication of the recognized significance of arching, the ratio between applied overptessuiri and pressuret
acting an the tube may. occoer;av9 t as perimental evidence and protetivet design reconynendeton (NewmaArk 1962). be
as low as 0. 1 under conditions foavorabe for active (poitive) arching. Consiideabloem.petimoni'tal and theoreticol offori
has been eapnd to investigate the arching phenometno in soil. e, g. by Lane (1957), W-odesormo (1961). Whitman et of
(19621, Ang and Newmark (1963) Von Horm and T~e (0963), Allgood ot *I(19631, and MAsonr (1963). Howevft, Owing
to the difficulty of "h problem, little basic infomtno~an has been added to th state ci knowledge ustivmarised by
Teriaiglh; (1943) umn 20 yew ago The simplest of the arching theories considews the verrtical ew-libriwim of the soil mass
between oume~d vertical sliding swrlace, extending up from "h sswvcture (Figute 7) The magnitude of contoct presure
against any buried structur,e is at prosens predicted on the basis of this seine approach with some elabotation (NewmaA~,
1967). this section discuses and evalutes somse of the as,*0ptions involved in a wettl.iigraeanalysis and
suggess a somewhat differeiiti way of lookring at the arching Ovenomeinott.

The mam' unceirtainty in the analysis described above is the magnitude of the lateral pressure acting normal
to the sl iding suirfaces, In the expiression (at the predicedpumwr* at any depth (see Fiyow 7). the term involving the
overpremmur is v"r sensitive to the coefficient of laterall pressur K, Teraiohi states that 4he factor K appearing in the
anallyss is on .uiykicol coefficient
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Fig. 3 Vatious Soil or Soil -lube Configurations

Howeover. mast investigtors seM to assign values of K (e.g9. Newwarks, 1962) or K (e g. Spongier. 1960) where K
is the active pM~resu c..ffkicip~n The reaosoning behint the assumrption of sock valuts does not seem to reflect the oci~son
taking place In the structure..soll system. In Tersoki's classical experiments (Terzooeai. 1936), the value of hotizontal
to vertical presure increased with height above the trap door from I to I 6 and then decreased toawrds K at. height of
about2.S times the width of the trap door. Ang and Newmark (1963) present reswlts froom t" door tests &erFirewnd with
wooe toothpicks as "%aiI mhaieal. by applying the ii u~ng-suhrfoco analysis to their data, the average Oalue of K
over the depth was backiiatsued to be I S. Similarly, dor't from the buried dome tests by Whittnan et al (1962) #indicate

of valu @f I
The vc~tcol -Aiings sface analysis does rt* take intc otcosunt the geometric configuration of a buried stviuttre,

although some mnvestigators how* s..rgstePd that the %hope ney have. an influence on the gn~itude of arching (VhtAn
et a$, 1962; Now.-rk, 1962) In Witmaon's tests a flat roof eipierienced appramimottly 50% highe tWal load than a
hemlspherieal roof at the some depth of cover. In bath cowes the only deflection of the structvre took place in the
foyndation, which was identical for both t~oo%

The authors believe that the vertical-sliding-suorface concept should be replact-d by the concep of thmes-
ring action, i -t , of structuiral orgches (ot dames in a three-dimensional cose) farming in the soIl. This concep-M-sbeen
stfJ Wore (Engesser. 1882; Coqseot. 1934 and W95) There ci ists direct evidence tht soil do-As woy foma abov*
yielding rmoof (lerzogh., 1936; Jenoke, 1961). Thrust-ting action in the soil around shafts and tunmels ho. been des-
cribed and analyzed (Tevzoghi. 1943). and Tschebotariolf 00511 stares that 'transfer *I Pressure by sheor and arcf. -.V are
not sy"nWyW"M.f
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Fig. 4 Modulus of Soil Reaction For Elastic Ring

A ck.ar --monstration of the thrust ring that may be developed has been provided by tests on hollow sand
cydinders and or 'mmetricolly sand-surrounded tubes (Whitman and Luscher, 1962). Theoretical and experimenta! findings
indicate that the capacity of a soil ring (Figure 3a) to carry externally applied radial pressure may be expressed as

S2sin•
2sin

ogr~jr
Po = p

where the notation is as shown in Figure 3a. An interior tube (Figure 3b) limits the deformation of the soil ring and thus
the arching. Still, by increasing the compressibility of tubes surrounded by sand, the ratio between the pressure p. on
the tube and the applied pressure p could be decreased, down to a minimum of around 1/5 in those particular tests
(Luscher and HB5g, 1963).

Even though the above tests investigated an idealized condition of "burial," there is no reason why the samemechanism of pressure transfer as in a soil .-ing or shell cannot develop in the general case of a structure surrounded by
soil. The difference between the action of ;he soil in these laboratory experiments and in the field is one of degree, not
of nature. This similarity of action has in fact been demonstrated (Luscher and H~eg, 1963) by buried tube tests in which
the failure pres:.ures were very similar to the failure pressures uf ident.al tubes symmetrically turrounded by sand.

Returning to the vertical-sliding-surface concept, it is seen that the correct lateral force to be used is the
horizontol component of the +rust in the soil arch. The ratio K between this and the vertical pressure can, of course, be
quite high under favorable conditions. The exact amount of thrust mobilization depends upon the overpressure and the
curvature and allowed radial d.-formotin of the soil arch. These in turn depend directly upon the characteristics of the
structure-,oil system as outlined in the !_ c iapter.
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Fig. 5 Strength of Soil-Surrounded Tubes

SUMMARY AND CONCLUSIONS

This paper proposes a distinction of three beneficial effects of the surrounding soil on the load-carrying capacity
of buried tubes. An analysis of the interaction between soil and tube in terms of the three effects lead& to the following
conclusions:

The equalization of pressures all around the tube by "pressure redistribution" can safely be depended upon if
the tube-soil system is properly designed and constructed. Then failure will be initiated either by high-mode bucklin,
or by compressive yielding of the tube. The "deformation restraint" provided by the surrounding soil is highly effect've in
raising the buckling resistance, but stability is still the design criterion in many cases of flexible tubes. Use of a corrugated
instead of a smooth-walled tube can eliminate buckling in most of these cases. "Arching", finall[, is effective in re*.-
the fraction of the applied load which reaches the structure. It is suggested that the soil-arch concept is more useful than
the vertical-sliding-surface concept in the treatment of arching.
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Fig. 6 Comparison of Theory with Buried Tube Data
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The analysis predicts pressure on trap door to be:

where

C,. soil strength properties
I s unit weight of soil

Fig. 7. Vertical-Slicding-Surface Analysis
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AN EXPERIMENTAL EVALUATION OF SOIL ARCHING
by

George E. Triandafilidis*, Delon Hampton**, and
Milan Spanovich***

ABSTRACT

The first phase of a sustained research effort was conducted to study the passive arching phenomenon on buried
structures due to modulus mismatch**** between structure and surrounding medium. Tests were performed on buried small-
scale structural models which were specially designed to measure passive arching stresses independent of side-wall friction.
All tests were static, using 20-30 dry Ottawa sand at three different densities. The applied overpressure and the length of
embedment of the buried structures were varied to study the influence of these parameters on soil-structure interaction.

INTRODUCTION

When the horizontal boundary of a semi-infinite soil moss is subected to a uniform vertical pressure of infinite
lateral extent, the identical applied vertical pressure is transmitted to each point of the underlying medium. However, when
the continuity of the medium is interrupted by the presence of a buried structure, th• stresses within the domain of the
structure are no longer equal to the free-field stress since discontinuities of strain occur at the soil-structure interface
whereby she-.ir stresses are mobilized within the medium.

The principal concern of this research effort is to develop perception of the parameters that influence the arching
mechanism on buried structures. When a structure is buried in the soil, there is a modulus mismatch between the structure
and the surrounding soil. Consequently, when a pressure is applied to the surface of the soil, relative displacements occur
between the structure and the adjacent soil. As a result, shear stresses are mobilized along the planes that experience
relative displacements. The magnitude of these shearing stresses depends upon the properties of the soil, the stiffness of the
structure, the magnitude of the overpressure, and the location and geometry of the buried structure.

If it is assumed that the stiffness of the buried structure is equal to that of the surrounding soil, at every overpressure
level both the buried structure and the surrounding medium under the applied surface pressure should experience the same
amount of deformation; and no arching stresses should develop. Thus, the buried structure will be subjected to exactly the
same stress as the applied surface pressure.

If the stiffness of the buried structure is smoaler than the modulus of the surrounding soil, a pressure applied at the
surface will cause the buried structure to deform more than an equivalent column of soil. Thus, shear stresses will be
mobilized across the planes that experience differential displacements These shear stresses will act in such a direction as
to reduce the stress in the domain of the buried structure to a level below the intensity of the applied surface pressure.
This phenomenon of stress transfer (reduction) will be referred to as "active arching," and the stress reduction itself will be
called "active arching stress "

Finally, if the stiffness of the buried structure is greater than that of the surrounding medium, the surrounding
medium will deform more than the buried structure. the mobilized shear stresses will now act in such a direction as to
superimpose on the buried structure an additional stress above that of the applied surface pressure. This phenomenon of stress
transfer (increase) is referred to as "passive arching," and the portion of the stress carried by the buried structure in excess
of that imposed by the surface intensity will be called "passive arching stress." It should be emphasized that arching
stresses can also occur due to differential displacements which do not necessarily result from superimposeI. ;.;rface pressure.

BACKGROUND

It appears that the significance of the arching phenomenon was first observed in connection with the bracing of
open cuts. During the construction of the New York subway system at the turn of the century, field measurements of
strut loads in open cuts disagreed with Coulomb's hydrostatic distribution of lateral earth pressures. Higher loads were
measured in the top struts of braccd, open cuts (I). Similar results were observed by Terzaghi (2) in connection with

*Assistont Professor, Rice University
"**Research Associate Engineer, University of New Mexico, Air Force Shock Tube Facility
**Consulting Engineer, Pittsburgh, Pa.
""'The term "modulus mismatch" in this report indicates the difference in moduli between buried structure and surrounding

medium.
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lateral earth-pressure measurements in open cuts during the construction of the Berlin subway.
The need for a more comprehensive analysis for the design of culverts and underground conduits intensified the

interest in the arching mechanism of buried structures. Some of the significant work in this area has been performed by
Spongier (3). More recently, the design requirements for underground protective construction have created a need for
better understanding of the arching mechanism. Toward this end the Civil Engineering BranchWLRC, has sponsored basic
and applied research. Some of the results of this effort are contained in References 4 and 5. Reference 4 deals with static
experiments, and Reference 5 with theoretical concepts of dynamic soil-structure interaction. Test data are presented in
Reference 4 for completely buried structures and for structures pushed into 20-30 Ottawa sand. One of the more signifi-
cant conclusions of these tests is that the normalized arching stress (ratio of the arching stress to the overpressure) is
independent of the overpressure. Furthermore, the arching stress is expressed as a linear function of the differential dis-
placement between the structure and the surrounding medium. No limiting value for the normalized arching stress is
indicated.

Although other investigators have also made contributions toward a better understanding of the arching phenomenon,
the references cited are representative and provide an overall picture of present knowledge.

SCOPE

Figure la shows a buried cylindrical structure of diameter, d, and embedded length, I. Before application of
an overpressure, Po, on the ground surface, the structure occupied the position, opqr, possessing a soil cover, c, and a
cushion depth, z, measured from the bottom of the structure to a rigid base. The horizontal planes, a-a and b-b, are
drawn so as to pass in the unloaded state through the top and bottom planes, op and qr, of the buried structure. When an
overpressure is applied to the ground surface, the buried structure shown in Figure la is dispioced to occupy a new position
indicated as o'p'q'r'. If the buried structure is stiffer than the surrounding medium, plane ,3-a beyond the boundary of
the structure will deflect more than plane op, resulting in a differential displacement, Y,' between the roof of the buried
structure and the surrounding medium. As a result of this differential displacement, shear stresses, r , will be mobilized
along the planes o'm and p'n. It should be emphasized that the hypothetical rupture planes indicated in Figure la are
diagrammatic only--and arbitrary. The actual position and shape of these planes have never been ascertained (6); further-
more, their occurrence depends on the orde- of magnitude of the differential displacement.

P o  P0

7w If I I I II I I I I I I III M n Mn

/- -
a"-o ;...8 a-' .. .a

"r' • ~Ph"*

Ph r-Ph" - --- Rigid base
b---- - - - - - - -b- ... A_ b' r'

y, qr "- d"1 /-- dgid base
0-..,• ." 01 " l -(b) Rigid support

(a) Compressible support

(free-field stress) (free-field stress)

Stress redistribution Stress redistribution
(compressbible iupport) (rigid support)

Fig. I Illustration of Passive Arching and Side-Wall Friction
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When the buried structure is stiffer than the surrounding medium, the stress on plane q-r will be larger than the
free-field stress. Thes, plane b-b will be displaced to position b'-bl, while plane q-r will be displaced to position q'-r',
creating a differential displacement, Y2' at the bottom elevation of the structure. As a result of this differential dis-
placement, frictional stresses, -r ', wi h be mobilized along the vertical walls of the structure; and the direction of these
frictional stresses will depend on the relative movement between the buried structure and the adjoining soil.

The total load on a buried structure consists of the separate contributions of free-field stress, arching stress, and
side-wall frictional drag. Since the arching stress is caused by the mobilization of shear stresses within the soil above the
buried structure, the factors that influence the arching stress for a given overpressure are the longitudinal stiffness of the
structure, the modulus of the surrounding medium, and to a certain extent the rigid body motion of the structure due
to the compressibility of the medium below the base level of the structure.

The total force due to side-wall friction on a buried structure is proportional to its embedded length and depends
on the normal stress, Ph' exerted on the structure and the frictional properties between the structure and the surrounding
medium. The normal stress depends on the radicl stiffness of the buried structure as well as on the density of the
surrounding medium. Furthermore, the normal stress on a buried structure depends on the overpressure and is influenced
by arching in longitudinal and radial (7) directions.

During the early stages of this study, the desirability of simplifying the problem by eliminating some of the
aforementioned variables became quite obvious. An experimental arrangement to simulate a conservative and relatively
simpler model was designed (Fig. lb). It consists of a buried structure whose base is supported on a stratum of infinite
stiffness with respect to the surrounding medium. If it is assumed that the structure itself has an infinite stiffness in
comparison to the surrounding medium, any differential displacement, Y3 , between buried structure and surrounding
medium will be due to the compressibility of the medium itself. The stress redistribution along plane op' due to arching
is shown in Figure I for both compressible and rigid support. The pattern of stress red;stribution ,ujges:ed :n Figure i
is arbitrary. Its main purpose is to indicate that when a stress increase occurs on the buried structure a stress decrease
must also occur immediately adjacent to the boundaries of the buried structure.

To be able to measure the influence of passive arching, a special experimental arrangement was designed which
permitted the measuring of the axial load on buried structu-es free from any side-wall friction. For this purpose vertical
cylindrical structures were used in which the roof of the structure consisted of a rigid disc supported independent of its
side walls. A schematic drawing of the adapted design is shown in Figure 2. Structures of this types will be referred
to as "disc structures."

_ _ _ _ _ __PO__________ The equilibrium equation for the structure

in Figure 2 yields:

P =P +P
C do a

-d which can be written as

I-' - Pd P O + P C

A€ = = do 4

ca

4 or
Pd p

where
2

4 --Tank base pl~ate c

/po / applied overpreoue. on surface

pd = total prssure applied to structure

Po = arching presswre applied to
structure

t Pd
Fig. 2 Schematic View of Experimental Arrangement to Separate Fwsive Arching from

Side-Wall Friction
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EXPERIMENTAL APPARATUS AND STRUCTURES

The general features of the experimental apparatus ore shown in Figure 3.

To compressed' 4--

air regulator and
pressure gage Quick Pressure gage

coupling

Ii I

Pressure i1
relief vlv

"Aluminum

Rubber membrane l'lexlylass corn- cv 0-r tg

- pressed-air chamber 0-rings

8-in. dia. Plexiglass

w cell| ~~ 1/2 in. cl

steel bolts

"• ~ring 3/16
--Split in. thick

• rings.F 12-in.-dia.-

, .. base plate

_-n da Supportting frame
adapter hlock 1 - n h n e-- 1/2-in. shaft

Frce washer

Jack -

For details of disc "Strain indicator
structures (Fig. 4)

Fig. 3 General Fmotures of Expeu ime ioI Apparatus

The test tank consists of a plexiglass cylinder 8 inches I1 D. and IV2 inch in wall thickrno. The lower end of the
plexiglas cylinder is threoded to scrvw into an olumimtm ring 3/16 inch thick and 12 inches 0 D. The function of this
ring is to conwect the plexiglas cylinder to the bosw plate of the tonk to facilitate iulllng the tank with sand without
dislocoting the plexiglas coil. This aluminum ring is attached to on Almniurm bose plat* by meam of four, 3/-inch,

406



ANALYTICAL AND EXPERIMENTAL STUDIES, I

round, steel bolts, 10 inches long. The other end of these bolts is used to fasten on aluminum cover plate to the cell of the

test tank. The entire assembly is connected to a base frame by four short bolts.
The supporting framework consists of a 15-inch channel with a circular hole 9 inches in diameter. The upper

surface of this channel is recessed 3/16 of on inch to :ccommodate and center easily the 12-inch base plate of the test tank

A special ring, machined out of plate plexiglass, fits between the tank and the aluminum cover plate. This plexiglass ring

provides an airtight pressure chamber, as shown in Figure 3. O-rings are provided at both rims of the plexiglass ring to

seal the pressure chamber between a rubber diaphragm placed on top of the sample and the aluminum cover plate.
The aluminum base plate of the test tank has the additional function of providing independent support for the

sleeves surrounding the disc structures. To obtain the required amount of structure embedment for a disc structure, sleeves

of different lengths are necessary. For this purpose a series of sleeves varying between I and 5 inches in length was made.
Since all structures tested were 1-1/2 inches in diameter, far a given amount of embedment, the ratio of soil

cover to structure diameter was varied by using different heights of test tanks. A series of plexiglass cells of different

heights was made. Tests were conducted using plexigloss cells 2-1/2, 3, 4, and 5 inches higt.

As shown in Figure 4, a circular hole 3 inches in diameter is provided in the aluminum base plate of the test tank

This hole is plugged with an aluminum adapter block which is split transversely into two separate rings. The upper ring

has an I.D. of 1-1/2 inches and an O. D. of 3 inches. This upper ring is threaded along both the I. and O. D.'s. The

threads on the 0. D. are used to connect this ring to the main base plate of the test tank while the inner threads are pro-

vided to accommodate the sleeves use4 for the d;fferent disc structures. The lower ring of the tronsversely split adapter

block has a 3-inch 0. D. and is alseo threaded to screw into the base plate of the test tank. The lower portion of the

adopter block houses a 1/2-inch brII bushing. The function of this ball bushing is to provide vertical olignment for the

1/2-inch shaft which supports the roof of the disc structures. It is also used to minimize friction on the shaft.

a) 3 in.

L! 112 in.j

Aluminum cap

1/16-in. clearance

2/5 in. thick disc

Upper ring of
split adapter 1/8 in.
block

S•, " Is* plate

2 .1/2 in. bu-hini

" Lower ring of
1/2-in. - 0ltadapter
I-steel shaft lik

Fig. 4 Details of Test Arrongemiet far Buried Disc Structunts

The roof of the structure consists of on aluminum disc I-V/2 inches in diameter and 2/5-inch thick. The Iower

portion of the disc is tapered to contow fit inside the oluminum sleeve whi,-h is 1-1/2 inches 0. 0. and has o I/8-inch wall

thickness. The upper end of the sleeve is simiklaly tapered to accomnodate the roof of the stvrctvre. The lower end of the

sleeve is threaded to screw into the upper ring ot the oepwtr block. Other details of the experimenal rrangemet fat

testing bioried disc structures ore shown in Figure 4
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TESTING PROCEDURE

Once the required embedment has been selected, the corresponding cell height is chosen to provide the desired
cover-to-embedment, c/I, and cover-to-diameter, c/d, ratios. The cppropriate cell height is then screwed onto the
3/8-inch-aluminum ring which, in turn, is connected to the base plate to form the test tank. Subsequently, the base plate
of the cell is connected to the upper channel of the supporting frame. The upper ring of the transversely split adapter block
is screwed to the base plate and is adjusted until it becomes flush with the upper surface of the cell base. The lower ring
of the transversely split adopter block is now screwed from the underside of the base plate until it is in contact with the
upper ring. The appropriate sleeve length is then screwed into the upper ring of the adapter block. The I-1/2-inch disc
which constitutes the roof of the structure is screwed into the 1/2-inch shaft, and the assembly is lowered into position
from inside the tank. The disc with its supporting shaft is now adjusted to provide a clearance of about 1/16 of an inch
between the tapered face of the disc and the tapered face of the sleeve. The shaft is supoorted on a 500-pound-capacity
force washer through a cylindrical block. One end of this block is machined to accomm,,ate the vertical shaft while the
other end fits over the vertical pin of the force washer. The force washer is, in turn, supported on the platform of a
mechanical jack which is raised or lowered by a variable speed motor. To p(ovide the required length of embedment, the
elevation of the upper face of the disc is adjusted by raising or lowering the jack as necessary. A metal cap mode out
of heavy duty aluminum foil is placed over the disc to cover the clearance between the disc and the sleeve; this cap prevents
sand grains from entering the clearance.

The tcnk is then filled with sand until the sand surface becomes flush with the top of the cell. A rubber membrane
or diaphragm is laid across the tank. The plexiglass ring, which serves as a pressure chamber, is placed on top of the rubber
diaphragm. The aluminum cover plate is placed an top of the plexiglass pressure chamber, and four I/4-mnch bolts tie thet
assembled test tank with a quick coupling located at the cover plate of the tank. During this time the valve beneath the
quick coupling should be kept closed. Before reaching the tank the compressed air passes through a control panel equipped
with a pressure regulator and a pressure gauge. The pressure at the p, nel can be adjusted to any desired level up to 100
psi. The leads from the force washer are connected to a strain-gouge indicator, and an inital reading is taken on the
indicator. The pressure at the control panel is first increased to 14.5 psi; and by opWning the valve beneath the quick
coupling, this pressure is transmitted from the pressure chamber onto the rubber daophrogm. The presswe is further monitored
through a second pressure gauge at the top of the colt While the pressure is maintained at this level, the strain indicator
is read.

The overpressure is subsequently increased to 29.0, 43.5, 58.0, ord 72.5 psi, and the corr"pondiing strain
readings are token for each pressure level. The overpressure is then vacated by bleeding the pressure through a relief
valve located an th top plate of 'h& tank. The assembled test tank, just before a test, is shown in Figure 5.

SOIL CONDITIONS

The soil was 20-30 standard Ottawa sand used in on air-dry stote. The unit weight of the soil was controlled
to produce three different densities The densities varied between 97 - 0.4 k cu ft for a loose state, 10610.61b, cuftfr
e medium-de4ns state, and 112.1 * 0.4 Ibicu ft for a deme state. Assuing a specific gravity of 2,66 for the soil solids,
thostates correspond to void to~as of 0.71. 0. Sa. and 0.47 and to relative denmilis of 6. 66, and 96 percent, respec-
tively. The loosesit and demest stoat that could be obtained in *a laboratory correspond to void ratios o; 0 725 and
0o 460, respectively.

For the medium-dense state, the sand was showereo ) through the 1/4-inch spout of a funnel maintaining a
free fall of 12 inches. For th deme state, the and was showered from the same fh~el which wi attached to a 2-inch-
diameter, 10-inch-lng rodioaor ho-e. At ihe fhee end of the hoe a I/8-inch mesh screen was provided Th free fall
from the bottom of the hos was 12 inches, The sand for he loose state was placed by passing it through a funnel with a
|1,/4-inch !pout The tip of the funnel was kept at the center of the tk and, while the fank was being filled, it was
gradually raised to as to barely touch the free sand surface at all times Subsequently, the wrfoce was leveled flush with
the tank by carefully screening off t etcas sand with a blade

Roeadocibilit, of soil densities was consistent. It is erefore iwstifed to oswme that the soil conditions
were reasonbly c•nowta for each selected state of relative density.

ANALYSIS OF DATA

General

Te ap•oach and overall perpective of this experimental stvdy con be best zpprecin•,d by a cleWr undentanding
of the testing o llnemenoot and sequence. For this purpose and for a given test sies, Figwe 6 indicates the orungem•et
and sequence used to test b6,ied disc strvctures. In all, four series of tests were run. In each serie the soil cover is kept
constan while the embedded length of the cylindrical sleeve is varied. For each cover-to-eutedment ratio, the over-
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Fig 5 Viec* of Aaornbled Test Tonk

pMsWM.te is raised in incremenih of 14 5 psi to a !vitunm of 72.5 psi All tests oe aretted by vrying the sand density
from loome too aswdiufft-deme and, finolly, to a dese state

Since the %ol cover oand ttrc•tvrt d;umGeuw oe *comfont in any given waies, the ratio of soil cover to thtrctre
diaoreter is roinfa;ned costant twhe ratio of sodi cover to etob4idmenl is decreosed by increasing te. embedded length
of the disc strwvc:ve.

Figure 7 indicales the mnnerf of plot.ng wd aonalyz-ng the doto obtained from titifg a buried disc structtre

of a certain geomet,;c confauistion. In this particuiot ixomple the soil cover is I,'.5 16 of on inch; the embedmtent. 3-1.16
itch.,t, and the dioreset o0 tshe disc setructe. I-I'2 inches The disc structwe was tested in a tank 4 inche h-igh, ts

pomming o c, I rotio of Oý 316 nnd o C d rtao of 0.63. The ,and s ploced ;n•a Ioose state otfo void rtaio of Oý 71 The
OveOWqwf* *Wq ;ncroowd using 14 S pt; ;incements up to 72 5 psi The drm from this test ore plotted in Figure 7.
W.ing the overlesie, Pp" as obsciss vr..m "he normalized stress oared by o disc structure, oýpo' p a ordinate.
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Overpressure, pot 14.5, 29.0. 43.5, 58.0, and 72.5 psi

Cover-to-diameter ratio, c/d--constant (for L given series)
Cover-to-emedment ratio, c/1--variable
Soil density, loose, medium-dense, and dense

Po Po PO

C CH. d

1--7-1

I

Fig. 6 Arrangement and Sequence for Testing Buried Disc Structures

The data indicate that the results can be approximated reasonably well by a straight line.
The total stress carried by the disc structue is the total force divided by the area of the disc, and it consists

of the .eparate contributions dut to arching and overpressure. Therefore, the normalized stress measured from disc
structures is equal to Pd + ra )

-~ -- I + --a!)
PO PO"" PO

in which p is the ovwrpressure and p U/p i6 the normolized arching-stress contribution. As a matter of convenetence. the
ratio pdiP will be -eferred to as the "normalized arching stress." When thi.8 ratio becomes equal to unity, the buried
structure is subjecled to exactly the free-Field s34ess. It is convenierit to express the arching stress in this fashion since
value: of pd/p less thai, unity indicate octive arzhing, while vctues of pd/p larger than unity indicate a possive arching
case. Values oý normalized arching stress were obtained for four dfferent series of geometric arrangements cnd fcr three
different densit;es.

Arching Stress
rlrce passive arching ;s attributed to the mabilization of shear stresses in ihe soil above a buried structure and

since such shear stresses can be mobilized at th, exoense of differential dispiacements due to modukis misnmtch between
bu,e ed structure arid surrounding soil., it folow5 that for a given soil cover the arching stress .hould increase as the len,.th
of embedment increases. It should be emphasized, however, that for a given value of the c/d ratio the arching stress will
reach a lýmiting talue -then the shear strength of the soil above the buried structure becomes fully mobilized.

Table I presents data for tests performed in loose ,and which substantiate the above hypothesis. The same data
are presented graphicaly ;n Figure 8. Examination of this figure indicates that, for a constant value of the c/d ratio, the
normalized arching stress, Od/p , increase-, at the ratio of c/I decreases (embedment increases). Furthermore, Figure 8
indicates that for any given constant value of the c/I ratio the normalized arching stress linearly decreases as the over-
pre'tsure is increased. The decrease in the normalized arching stress might be attributed to the fact thai the partially con-
strained soil modulus increases as the applied stress ievel is -ncreased However, some opposite trends were observed for
similar tests performed on disc structures buried in sands of medium-dense and dense states (Figs . 9 and 10). In any event,
the observed trends were neither wel! defined nor consistent with variations in soil density and overpressure. It appears
that these deviations of the normalized arching stress are within the range of e;perimental error. If it is assumed that the
normalized arching stress is independent of overpressure, overage values of pd/'Oo could be assumed for oay given constant
value of the c/! and c/d ratio.
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Test conditions

Loose sand, void ratio e - 0o71
c/1 - 0.306, c/d - 0.63
Overpressure, p., 14.5-72.5 psi

8 in.

Po

c - 15/16 in.

c + 1 4 in. d - 1 - 3 1/16 in.

11/2

Disc structure

0
o0

S2. 0____

AvIrage value 1.9I - V
-,4

Cd 1.0

S0 10 20 30 40 50 60 70 80

z Overpressure, po0 psi

Fig. 7 Typicol Data, Indicating Relationship Between Overpressure, Pot and
Normalized Arching Stress, pd/p°
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Table 1 Data For Normalized Arching Stress, Loose Sand, Disc Structure

Overpressure, p0
TestISes C C + 1 1 c/i c/d 14.5 29.0 43.5 58.0 72.5 Ave.Series

Ratio of pd/Po

1 0.937 2.50 1.563 0.60 0.63 1.81 1.73 1.68 1.66 1.63 1.70

3.00 2.063 0.453 0.63 1.92 1.81 1.85 1.79 1.79 1.83

4.00 3.063 0.306 0.63 2.03 1.90 1.92 1.93 1.90 1.94I|
II I437 2.50 1.063 1.35 0.96 1.76 1.68 1.68 1.63 1.61 1.67

3.00 1.563 0.92 0.96 2.24 1.98 2.01 1.99 1.96 2.04

4.00 2.563 0.56 0.96 2.29 2.24 2.20 2.1.6 2.11 2.20

III 1.937 3.00 1.063 1.83 1.29 1.85 1.85 1.85 1.79 1.83 1.83

4.00 2.063 0.94 1.29 2.34 2.29 2.28 2.22 2.19 2.27

5.00 3.063 0.63 1.29 2.56 2.56 2.66 2.50 2.48 2.55

IV 0.0 2.50 2.500 0.0 0.0 1.06 1.06 1.06 1,06 1.06 1.06

4.00 4.000 0.0 0.0 1.17 1.17 1.14 1.12 1.11 1.14

5.00 5.000 0.0 0.0 1.17 1.12 1.10 1.12 1.09 1.12

To ascertain whether these deviations could be attributed to experimental errors, a series of tests was perform, d
utilizing cell heights of 2-1/2, 4, and 5 inches. In these tests, disc structures w-th emoedments equal to the cell height
were used. The tops of the disc structures were placed flush with the sand surface bearing on the underside of the rubber
diaphragm. The total load carried by the disc structures was measured while the overpressure was increased in the same
manner as previously described for tests on buried disc structures. The data from these tests, which represent a case of
zero soil cover, are given in Tables I, 2, and 3 for loose, medium-dense, and dense sand states, respectively. They are
designated as Test Series IV. The same data are also shown graphically in Figures 8d, 9d, and 10d.

Irrespective of the longitudinal stiffness of the structure 1tself or of its supporting assembly, the stress measu, red
under such circumstances should always be equal to the applied overpressure. Figure 8d indicates that for loose sand the
normalized p /p ratios were always larger than unity. For the medium-dense and dense sands, Figures 9d and 10d indicate
that p/p raatios larger and smaller than unity were measured. Although no sperific trends are noticeable, the scatter of
the daý is in general somewhat less than that of the loose sand state. Stresses greater than the applied overpressure might
be attributed tM tensile stresses transferred by the diaphragm, but values of the normalized stress p/p 0 smller than unity
can be attributed to experimental errors only. It should also be noted that the scatter of the data is less for tests performed
with zero soil cover.

If the scatter of the data is attributed toerrors inherent in the experimental technique, the normalized arching
stress for the rigid structure could be assumed to be independent of the overpressure. The last column in Tables I, 2, and
3 gives the average values of the normalized arching stress for the entire range of the applied overpressures. Utilizing
these average values of p /p0, it is possible to present the data from Table I, loose sand state, in a more concise and com-
prehensive form as shown in Figure II. This figure consists of a plot of the normalized arching stress versus the c/I ratio
for constant values of c/d. It confirms what one might expect: that the greater the length of embedment the more it
contributes to differential displacements and, consequently, the larger the passive arching stress.

In these experiments it was not possible to increase the embedment so that, for a given soil cover, the c/I catio
would become small enough to yield a limiting value for the normalized arching stress. Under such conditions, i.e., for
small c/I ratios, a substantial portion of the applied pressure would be transferred to the walls of the test tank by side-wall
friction. * Although the normalized arching stress exhibits a linear variation with the range of c/I ratios attained in
these tests, it is improbable that the results could be extrapolated to much larger embedments. Figure II also indicates that
the normalized arching stress decreases as c/d decreases for any given value of c/I.

*This action will be referred to as "silo-type arching" in this report.
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2.5 - - - _ _ _ _ _ _ _ _ _

2.0 0 c/1 - 0.306
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Fig. 8 Normlized Ar•hing Stress, Pd/i# vs. Ovrprswre, p
For Loom Sond, Disc St.uctre '
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2.0
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Fig. 9 Nomalized Arching Strus, p o/ vs. Overprossure, p , For
M/dium-Dens Sand, Disc Structjr.
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3.0

"-._X Id
- 2.5

C9

,,,4

0.0 0.5 1.0 1.5 2.0

Ratio of cover to embedment, c/1
Fig. 11 Normalized Arching Stress, p d/Po, vs. €/I Ratio For Loose Sand

Table 2. Date For Normalized Arching Stress, Medium-Danse Sand, Disc Structure
. 0.

Tes =___

-e1.17 A .0 1.11 0.63 1(.z ov2r ).5 1.0 7 1.

-41.00 3.063 _0.306 _0.63 1.07 1.28 1.33 1.39 1.39/1.29

1.0 2 1
0.937 0.00 1.563 1.83 1.29 1.07 1.07 1.05 1.20 1.15 1.09

T.l0 2.063 0.9ol A.ci 1.S d 1.23 1.2S 1.Ds 1Su7 1.30

S.00 3.063 0.631 c./d 1.58 1.29 1.35 1.50 1.7. 1.A9

I 0.937 2.50 1.5063 0.0 0.06 1.01 0.90 1.03 1.07 1.059 1.0
3.00 2.063 0.456 0.96312 .8 13 16 .8 1

4.00 3.063 0.06 0.63 1.07 1.28 1.33 1.39 1.39 1.20

5.00 5.000 0.0 0.0 0.96 0.98 1.00 0.99 1.01 0.99
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Table 3. Data For Normalized Arching Stress, Deme Sand, Disc StrucAure

Overpressure, po
Test c C + 1 1 C/A c/d 14.5 ] 9. 43.5 5f. A-Series 1I!l72.Z e

Ratio of pd/Po

1 0.937 2.50 1.563 0.60 0.63 0.74 0.77 0.85 0.88 0.88 0.82

3.00 2.063 0.453 0.63 0.43 0.54 0.64 0.62 0.66 0.58

4.00 3.063 0.306 0.63 0.32 0.48 0.57 0.62 0.66 0.53

II 1.437 2.50 1.063 1.35 0.96 0.53 0.64 0.71 0.76 0.79 0.69

4.00 2.563 0.56 0.96 0.42 0.66 0.65 0.72 0.j9 0.65

I11 1.937 3.00 1.063 1.83 1.29 0.43 0.45 0.48 0.51 0.50 0.47

4.00 2.063 0.94 1.29 0.32 0.37 0.48 0.54 0.61 0.46

IV 0.0 2.50 2.500 0.0 0.0 1.07 1.07 1.03 1.01 1.03 1.04

4.00 4.000 0.0 0.0 0.96 0.98 1.00 1.01 1.01 0.99

5.00 5.000 0.0 0.0 1.07 1.07 1.03 1.01 1.03 1.04

The results of tests an medium-dense and dense sands are presented in Tables 2 and 3 and in Fig,-res 9 and 10,
In contrast to the trend observed for loose sand, the data for medium-dense and dense sands indicate that the normalized
arching stress increases with on increase in overpressure. It is notable that in Figure 9 the medium-dense sand exhibits
the some characteristic trend of an increase in the normalized arching stress as the c/i ratio decreases. Similarly, Figt.re
12 shows the normalized arching stress versus the c/I ratio for medium-dens, sand and for constant values of cid, It indi-
cates that the arching stress increases as the c/I ratio decreases. Furthermore, for constant values of c/I the passive
arching stress decreases as c/d decreases. This is in accord with the result discussed previoutly in Figure II for loe sand.

Figure 10 indicates, in contrast to previously established trends, that the normalized arching stress tends to
decrease as the c/I ratio decreases. This phenomenon is observed more clearly in Figure Q3 where the lines for constant
c/d ratios have either very flat slopes or slopes opoosite to those previously discussed (Figs. II and 12) for loose and medium-
dense sands.

It should be recagnized that the plots of the normalized arching stress for dense sand fall within te zone of
active arching. This indicates that the disc structures and their supporting assembly which were considered to be relatively
stiff were yielding more t the surrounding dense medium- Such a supposition might som questionable, but is probably
true. Furthermore. the erratic nature of the data obtained from tests on deme sand necessitates further experimentation

Using the data from Figures II, 12, and 13, plots of the normalized arching stress versus void ratio ore presented
in Figure 14 for different values of the c/I ratio varying between 0.2 and I. 8. From the available data it is poIu;ble to
draw Figure 14 for c/d ratios of 0.63, 3. 96, and 1. 29, respectively. The following observations con be made from the
results presented in Figure 14

(I) For a given density and c/d ratio, the passive arching stress increases as the c,'l ratio decreases,
(2) For a given e nsity and cicI ratio, the passive arching strme increases as c/d increases.
(3) For a given value of the c/I and c/d rtios, the passive arching stress decreaes rther markedly as the sand

density increases.
(4) When the sand density increases to o void ratio betwm 0. 48 and 0,50, all curves indicate a trnsitson from

passive to active arching. This illustrates that although the structure itself was assumed to be more rigid than the surrounding
medium, yet the framework on which the structures were uupprted and through which the load an the structum was moni-
tored was presumably yielding more than the surrounding dense medium It is also possible that in the cose of dewse sands,
the silo-type arching was vihibiting on appreciable influence on stress trasvmission, thereby obliterating th occurrence
of a passive arching phenomenon. No displ•cements were measured in this investigation; it is therefore not posible to
assess the validity of either of these hypotheses. This needs furthr consideration with fudure studios. Figure 14 further
indicates that within the active arching &one and for a given c,id ratio the active arching stress dectesm as the c, I ratio
decree.
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Fig. 12 Normalized Arching Stress, p d/o'VS c/I Ratio For Medium-Dense Sand
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CONCLUSIONS

Relative density is the principal parameter affecting the passive arching siress induced on vertical cylinders
burieo in a granular medium. The c/I and c/d ratios are next in importance. The effect of overpressure on the normalized
t..rching stress on rigid structures is small in comparison to the effects of any of the parameters mentioned above.

Moximum normalized arching stress ratios as large as 2.66 have been measured in this investigation. It is probable
&hot t+e results represent lower bound values due to interferences with the boundaries of the tank. Although extensive

input-output measuremenm are not as yet available to assess the pertormance of the test tank, some preliminary stress
ir'put-output measurements have indicated that within the aspect ratios (length-to-diameter ftio of test tank) utilized in
this experimental study, which varied between a rnin•rjm of 0. 12 and a maximum of 0.62, the stress transmission (output-
to-input ratio) varied between 94 and 72 percent, respectively. The stress lass Leing mainly concentrated at the
boundaries, the average !ass aver the structure is most likely insignificant.

For perfectly rig'd structures, it is debatable that the arching stresses measured in this investigation represent
absolute tInmitirg values. It is believed that for perfectly rigid structures the absolute arching stresses could be much
larger than those measured in this sludy.

The experimental setup and the manner of conducting the tests have fulfilled their purpose in providing an

appreciation of the vurious parameters and their re!ative contribution to the passive arching phenomenon. The results

of this investigation should be regarded as a guile and not as dasign criteria.
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EXPERIMENTS ON CIRCULAR CYLINDERS WITH

FLEXIBLE ROOF PLATES BURIED IN SAND
by

C. J. Costantino* and A. Longinowl*

ABSTRACT

A series of thirty experiments have been performed to determine the loads transmitted to vertically oriented
buried c:rcular cylinders with flexible roof plates subjected to static surface overpressures. It has been found that for
depths of burial greater than one roof diameter, the load transmitted through the structure is about 1/2 of the applied
surface pressure for the range of flexibilities considered. For shallow buried cylinders, sufficient flexibility must be pro-
vided in the roof plate to develop any significant load tiansfer. The stress distribution across the plate becomes more
non-uniform with increase in deflection and depth of burial.

INTRODUCTION

In the design of buried protective structures, the designer is faced with a problem area in which the amount of
available definitive information is fairly limited. In addition, present demand for superhard structures has increased the

complexity of the problem. Due to the magnitudes of load which such structures are required to resist, the utilization of
conventional methods of design wooid yield structures so greatly misproportioned as to be uneconomical or ineffective.

This study does not concern itself with methods of design as such, but rather with certain underlying aspects
of soil-structure interaction on which such methods must ultimately be based. Specifically the objective of this program
has been to determine in a quantitative way, the influence of structural flexibility on the loads experienced by a buried
structure when the surface of the soil is subjected to static overpressures.

The structure (model) used in this study is a rigid cylinder 6-in. in diameter and 6-'n. long (Fig. I) with inter-
changeable flexible roof plates. The most rigid plate, 1/2-inch thick, was supported on the model in such a way that
deflections were pý-ohlbited. Experiments so performed will be referred to here in as "rigid rooP' experiments, to dis-
tinguish them from experiments performed with the more flexible roof panels. The soil medium was dry Ottawa sand.
Experiments were performed in a 3-ft diameter by 3-ft deep pressure vessel, the walls of which were treated with bonded
and loose Teflon to reduce side-wall frictional resistance. A complete discussion of the experimental set-up, and testing
procedure is given in the Appendix to this paper.

Experiments were conducted considering the following variations of parameters:
I. Depth of burial
2. Flexibility of roof plates (three different flexible plates were used)
3. Surface overpressure
4. Repeated loadings
5. Soil density

The measured quantities consisted of rigid body motions of the cylinder, bending displacements of the plates, vertical

displacements of the sand surface and the total load applied to the structure as a function of surface overpressure.

MODEL STIFFNESS VS. SOIL DENSITY

It is well known that the load transmitted to a buried structure is a function of the relative stiffness of the
structure as compared to the soil; that is, if the structure is stiffer than the soil, load will "arch" into the structure,
and if the soil is stiffer than the structure, load will "arch" around the structure. To determine which condition existed
in this study, the stiffness of the rnodel with a rigid roof plate was determined and compared to the soil stiffness obtained
from confined compression tests for two density states (loose and dense). These results are shown in Figure 2.

It should be noted that for about 30 percent of the stress range shown, the model is "softer" than dense sand.

Thus, in this stress range, the niodel, even though it has a rigid roof, would be expected to experience an under-registration
of transmitted toad in relation to surface overpressure. In the case of the loose density tie model would be expected to
experience an opposite effect, Suck effects were obtained in the experimental results.

*Research Engineer_, I Research Institute, Chicago, Illinois
**Asst. Research Engineer, lIT Research Institute, Chicago, Illinois
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The relative densities at which the thirty experiments of this study were performed are presented in graphical
form in Figure 3. With reference to density, the experiments ccn be divided into two categories, loose and dense. An
attempt was made to keep densities constant in each of the above categories since this would facilitate a comparison of
individual experiments. But as seen in Figure 3, some scatter occurred. The major cause contributing to the scatter of
data was the use of a penetration type vibrator for achieving a densed sftate. The use of such a tool makes it extremely
difficult to obtain a uniform densdiy. Another contribution to ths scatter is naturally error in density measurement; a 6
percent change in D r (relative density) is equivalent to only a I percent change in the soil density.

RESULTS FOR RIGID ROOF PLATE SERIES

For an experiment conducted on the buried cylinder with a rigid roof plate, the total load transmitted to the
plate was measured for each value of the surface overpressure. A typical result is shown in Figure 4 (for a ratio of depth
of burial/roof diameter of 3). It moy be noted from this curve that, upon loading the soil surface, the average pressure
transmitted (total Iooaciroof area) to the model is less than the applied surface pressure. As discussed above, this is cdue
to the fact that this test was conducted in a dense soil (D R = 82 percent).- Upon unloading, a significant hysteresis effect

develops, as is expected, with little or no residual stresses remaining.
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A summary of the test series for the rigid roof is I or)
contained in Figure 5. In this figure, the ratio of the
average transmitted pressure to the surface overpressure is 80 / I
plotted against the ratio of depth of burial to roof diameter I/I
(d/B) for surface overpressures of 60, 80, and 100 psi on the 60 - j
loading cycle only. It may be noted that for the higher/
density tests, the transmitted load is always less than the
surface a -erpressure, while for the loose density tests, the 40 AII
reverso is true (as expected). In addition, as the depth of
burial increases, the amount of arching (into or away from
the model) appears to reach some maximum. It would be
anticipated that at some critical value of d/B the "arch"
would "close" and the results for deeper depths would be 0
the same (no surface effects). Unfortunately, the scatter
of these test results prevents a reasonably accurate deter-
mination of this critical depth.

To indicate this effect more graphically, two
curves were sketched in Figure 5 for the loose and dense • 0
states (labeled by Dr = 40 percent and 75 percent) to 10. 0
represent more or less the average affect of depth of burial wo
on transmitted pressure. u 8"0

RESULTS FOR FLEXIBLE ROOF PLATE SERIES 6.0

A typical set of load-deflection curves repre-
senting four cycles of loading for the model having a 4.0
flexible roof disc (El = 1054 lb-in) is shown in Figure 6. A
loading cycle consisted of applying surface pressure in 20
psi increments to 100 psi and then reducing it in a set number
of increments to the zero level. The cycles were conducted
in succession without disturbing the experimental set-up. 2. 0
It may be noted especially in the loading portions of the --

curves that the second through the fourth cycles follow
essentially the same paths, achieving greater deflection at
a lesser load then in the case of the first cycle. This is as
would be expected since after the first cycle both the sand i. 0 J J . L
and the model tend to stiffen. The magnitudes of this
deviation from the first loading cycle would depend pri- 001 002 Strain.004 .0 06 m 0i

marily on the initial sand density.
The variations of the center displacement with Fig. 2 Comparison of Confined Compression Tests For

depth of burial for the model having the some roof disc as Sand With Model Stiffness (Rigid Roof)
described is shown in Figure 7. For the case shown, displacements reach an essentially constant value for d/B > 1.0 for
each level of overpressure. Manifestation of this occurrence is further illustrated in Figures 8, 9, and 10 for the roof
discs considered in this study. A relatively constant center deflection for a particular load level is attained in the
neighborhood of d/B approximately equal to 1.0 for all cases. This indicates the depth at which full "arching" develops
which is independent of roof flexibility.

In addition, it may be noted that the pressure-center displacement curves are non-linear; this occurs from two
sjparate effects. Firstly, the load-deflection relation for a circular plate under uniform pressure is non-linear, with the
plate becoming stiffer with deflection due to the large deflection effects encountered at these displacements. * This
may be noted from Figure 9 for d/B = 0. Secondly, as load is applied to the buried plate, a smaller portion of the surface
pressure is transmitted to the plate due to the arching action developed by the plate displacements. Thus, for the buried
plate, the effective stiffness of the system increases with surface pressure.

Furthermore, as the flexible plate is buried more deeply, it would be anticipated that the load distribution
across the plate would vary. This is shown in Figure II in which the equivalent uniform pressure (to cause the same center
displacement) is plotted against the measured total load applied to the plate (divided by the plate area). Two items may
be noted from this figure. First, at any one depth of burial, the curve tends to flatten with applied overpressure indicating
that the pressure distribution becomes more non-uniform (more load transferred from the center to the edges) as deflection
proceeds. Secondly, as the depth of burial increased, the non-linearity again increases until the critical depth is reached
(ford/B > 1.0).

*S.Timoshenko, Teo of Plates and Shells, McGraw-Hill Book Company, New York, 1940.
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The influence of flexibility on load transfer is shown in Figure 12. From this figure it may be noted that at the
shallow buric t depths arching effects become significant when sufficient flexibility is included to allow for relatively
large deflections. For the deeper depths of burial (d/B 7 I), significant load transfer develops even for the stiffer roof
plates. In addition, one other peculiarity may be noted in Figure 12. For the tests conducted at the various depths using

the intermediate flexible plate (El = 1054 lb-in) a characteristic hump or rise in the curves may be noted. The reason for
this is not apparent and no particular significance can be attached to it at this time. Clearly, errors in measurement and

nonuniformity of soil conditions could possibly produce such behavior. Further experimental work is required to investigate
this problem.

CONCLUSIONS

From this limited experimental program, several conclusions may, be drawn. First, and possibly most important,

is the fact that experimental results obtained from small models may be misleading in that these results appear to be

extremely sensitive to density variations, which are unfortunately most difficult to control. In addition, their influence
on prototype structures is difficult to evaluate.

In general, however, these results indicate that for depths of burial greater than about one roof diameter the

soil arch developed above the roof "closes", so that transmitted loads would be the some with deeper depths. This result
appears to be independent of roof flexibility. It should be noted that in this series, pressures were not attained high
enough to "collapse" the soil arch and possibly cause o reloading of the roof plates.

Further, for the range of flexibilities considered, at the deeper depths of burial (d/B > I) the decrease in load
transmitted to the structure is about 50 percent of the applied surface pressure. For the shallower depths of bI.rial (4/B 4 I),

sufficient flexibility must be provided in the root plate to allow a soil arch to form and a load transfer to occur.
The pressure distribution across the roof plate becomes more non-uniform with plale deflection and also with

depth of burial.
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APPENDIX

EXPERIMENTAL DETAILS

STRUCTURAL MODEL

The model used in the experiments is shown in Figure I, the dimensions being 6-in. dia. and 6-in. long.
The major component ports of the model were made from ordinary structural steel (type AT). The basic model consisted of
an outer cylinder with a base plate welded to it, an inner load-transferring cylinder with its base plate and 3/4-in. dia.
shaft, and a horizontal support member which contained a vertical thrust bearing. The inner load tramferring cylinder
had two support edges. The upper support edge was used in performing experiments on the model with flexible roofs,
the lower support edge was used when experiments were performed on the model with a rigid roof. In order to minimize
deformation of the model during experiments, four stiffeners were welded on the inside of the inner lood-transferring
cylinder and on the inside of the outer cylinder along four radii, 90 o apart.

The shaft made contact with a spherical ball which rested in a spherical seat. The distance between the lower
edge of the inner cylinder and the upper surface of the outer cylinder was I/8-in. This space was kqpd during tests to
prevent toil from entering the model. The only tontoct between the two basic parts of the model (the load transferring
cylinder and the outer cylinder) was at the load cell (force washer).

The basic model was altered by changing the flexibility of the roof to obtain the following four models (Table
I). In case of the rigid roof model experiments, a 1/2-in. steel disc was placed on the lower support edge of the inner
cylinder. To assure that no disc deflection would occur it was also supported at the center within the model.
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Tcble I. Roof Flexibilities

3
Model Roof Thickness Flexibility (Eh /12, lb-in)
A (Rigid) 1/2" 3.13 x I05

B 3/32" .0938 2.06 x 103

C 3/40" .0750 1.054 x 103

D 3/64" .0469 0.258 x 10 3
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INSTRUMENTATION

In the case of the flexible roof model experiments, central defl~ctiorns of the roofs at various overpressures and
c~tpths nf burial were measured by means of l inear variable differential transformers (1. V. D. T')

In the case of model BSand C, an L.V.D.T. highly sensitive to low displacement was used. Tho L. V D.T. was
mounted in a Plexiglas holder, held in place with a spring and projected just for enough to make contact with the roof of
the i..odel. This assembly was thent plar~ed inside the inner cylinder and attached to its base plate with four plastic screws.
A q1exible roof wos then placed over the model and taped at the edges with black electrical tape to prevent it from
occidentally slipping off during the set-up of the experiment. The reason for using the Plexiglas holder was to prevent
any metal from influencing the perforirince of -he transformer.

Int the case of model D, which hod the mast flexible roof r~sc, on' L. V. D. T. with a larger range of trrivie was
employed.-

The load cell used in these exper' nents was a force w'csher, model 1636, resistance 120 ohms, gauge factor
2.0, serial no. 1683-7, manufactured by Lockheed Electronics Company, Los Angeles California.

SOIL FACILITY AND EXPERIMENT SET-UP

Experiments were performed in the lITRI Soil Facility. The pressure vessel used for the expetiments has a 3-ft
inside diameter with a 3-ft depth The walls of the vessel were treated with one coat of bonded Toflon and one sheet of

Teflon was placed over it, This was done to minimize frictional restraint at the vessel wall .For the performance of the
experiments, the vessel was filled wi*~ soil to a de.irod depth. The model was then suspended into the vessel by means of
r~v 1/4-inch rods connected to a structural angle which spanned the vessel at its top. This configuration served to locate
the .,nodel and keep it in this position during the placing of the remai;nder of the soil. When the soil completely filled
the vessel, the channel and the two 1/4-inch rods were removed without disturbing the model. A thin rubber diaphragm
was then placs-dovetr the smooth sand surface and the upper projecting flange of the pressure vessel. Surface displacements
weto measured as ýollows. Fouor brass discs were glued to the rubber diaphragm. On* disc was directly at the center, the
other three were -um a rodkal line 2, 6 and 10-inches from the center of the vessel. Wire leads were soldered to the discs
and -m-:* t~hirr +-it fornm the vessel through ant airtight pipe plug in the presure, vessel cover. The vessel cover, which
wot 6ýltcd to tha sinsel by means of 36 high strength baits, had four "through' moes drilled in it at the some locations
of the bras discs Piuluner were allowed to go through these, holes from the outside and contiact the brass discs. Airtiq~t
*Nooprene gaskets vwer placed around the 91hungers. A smaii bulb was wired to each brass disc. Thus when any plunger
was mooved down and touched the brass disc_ the 114ht bulb corresponding to it would light up. The soufrr. of power was
a dry cell battery.- A dial gouge was positoned over each plunger to measure the disPlacemnents.- A schematic of the
experimnertal set-vp s% shown in Oigur. 13.

An expot-imerif consAisted of the fat lowing: the moidol wit., o too! of a particular flexibility buried at a specifif ed
deoth was sbiAected to a stilic prlsuue which wu~s ~aploli* ot the surface of ttw soil. The static air pt'.swre was applied
~n hirmnef of 2C.'.pi up to 100-psi ofter which it was redvted t- 90 psi and futhe #eue in incremnt of 20 ho ~u rtepsi to
10 psi, from which it was reduced to meo psi This prw~dvr* -was reooermsp four limes in each exaperiment. Readings of
the L -V. D. T. and th farce waser ie recorded at eachS woortse level of all four cycles

SOIL ~FWAfATION

The U34l used in heexperiments was dry Ottawa sand whate grain *i&@ distribution is given 'In Figure 14. Mir
voriation of so.-A density with *1e angle Of internal fticoeon i% given in risure 15.

To obtain a de % tate of Off*"a iand, the sand was first placed in one continuous loyer to a height I-At
below. he A%* A~h q whicl% Owe Rodol ows to be placed. It was then vibrated by means of a. ponootratao type concrete
vir wtvir until -iA"9 desre4o- o ws reached te sanod density was dote. ined by means of a deftilty scoop " After thes
the model wavs suspetted into the ~#Is as desoctibed above and the sond was placed in 6-.in layers until the top oft
Vesse1 W14s Ifche4 At each 1.-yer 'it was vibrated at ful diametrically opposite points midway between rOw moodel and
the verstol vwall by the penetration type v~braor~ foor a dvfttion of about 3 xn~mjtes Dernity scoop readings were oooin
taken at the ivic wien the vessel was com~pletely filled with ,@td

Ow~ .se*#o usdi ot~ a toose density for Ottawa sorid was as Irllows A %loe I, 4-inch wide was cut
in Ate bcott oi a cylindrical mtml coftaifttwr haoe diameter and depth were 19-inchos The slot extended across the
full diamete of the canlo'-#** The skot was then clsed4 fham 'he *Ouside and the container wai filled with %and Sand

vm *4"0110-d to drop Iron 'hecontaioer 1604ag the sloo into the presuvre vessel while the rontainter wais -noved in a
circular mervaner within *he vetssel the dkitonce between thm bottom of "h container ond the forming sand surface was
hed t*twee 1S and 20-inci~se

'~iTT~~imn~T~e~h.Grow"4 Shock Isolation of b8ried Structures, Repoli AFSWC-TtU-61-51. Ill
leteag~in lnsrsus for Air rorce Svecaia weapons Center. Juy. M61.
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YIELDING MEMBRANE CONCEPTS
by

H. P. Harrenstien* and R. H. Gunderson"

INTRODUCTION

The presentation is concerned with the reporting of some of the ongoing research at the University of Arizona in the
general area of soil-structure interaction -- specifically, the area of analysis and design of yielding steel membranes
which are shallow-buried and which yield under dynamically applied overpressures. The specific contract under which the
first phase of this work is being performed is Contract OCD-PS-64-187. The contracting agency is the Department of the
Army, Office of Civil Defense, Washington, D. C. The contractor is the University of Arizona. The work is being per-
formed by the Engineering Research Laboratory of the University.

A direct quote from the Contract follows:
"A. The contractor, in consultation and cooperation with the Government, shall furnish all engineering, labor,
tools, equipment, materials, supplies, facilities, and services necessary for a feasibility study relating to optimizing
shelter design. The work and services shall pertain to the analysis and design of flexible yielding membrane elements
of a shelter to resist normal dynamic effects not unlike those which may result at the soil-structure interface as a
result of a nuclear blast.
B. The general areas of investigation shall include, but not be limited to the following:
I. Investigate the theoretical prediction of the configuration of a yielding membrane and determine its application

to the shelter.
2. Perform certain loading simulator studies to corroborate the intuitive fact that yielding buried structures are

efficient structural systems.
3. Extend the theory of studies involving the investigations of the membrane supported on yielding boundaries.
4. Determine the feasibility for future possible exploitation in this area."

Because the contract has just started, the material presented here is more along the lines of "in-progress" reporting,
as opposed to a final reporting of the results of the Contract. Such material is deemed appropriate, however, for inclusion
in a symposium on the state of the art in soil-structure interaction studies.

GENERAL

When design to resist blast and other close-in nuclear weapons effects is considered, it is only logical to realize that
simultaneously large amounts of initial radiation and fallout may be inevitable realities. It is this combination of effects
which make buried structures mast feasible. The shielding required to meet the radiation requirements and the structural

strength required to meet blast requirements both point to these forms of structures as desirable and economical.
Little experience is available an this subject, but this fact is not a sufficient cause to avoid the application of

judgement and engineering intuition to develop practical solutions. The economies available in such structures force
engineers to develop conservative procedures for design; at the same time test data and research feed the store of know-
ledge necessary to refine the designs.

SOIL-STRUCTURE INTERACTION FORCES

Definition
Soil-structure interaction forces are those forces which act at the interface between a buried structure and the sur-

rounding soil medium. These are generally considered to be normal pressures, but shearing forces also exist at this
interfacial junction.

Distinction between types of forces
Normal forces are pressures which act normal to the interfacial surface and are generally In the some order of

magnitude as the surface overpressures in the air medium above the ground surface. Shearing forces are those forces which
are tangential to the interfacial surface and generally are in the same order of magnitude as the respective shearing forces
in the soil under these conditions. In general, the normal forces produce the greater effect or response in the structure

and, because of this, we will limit our discussion to the action of these structures under this interaction component only.

Professor, Department of Civil Engineering, University of Arizona, Tucson, Arizana.

** Graduate Associate, Department of Civil Engineering, University of Arizona, Tucson, Arizona.
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EFFECTIVE SOIL-STRUCTURE INTERACTION PRESSURES

Definition
The efective soil-structure interaction pressure is defined as that normal pressure distribution which at a given

instant will produce a static free-field deformation in the structure equal to the deformation of the structure in the soil
medium at that same instant. It follows then, if we can neglect the shearing components of interaction forces, that the
moments and stresses under this effective pressure will equal those in the confined structure at the same instant.

Dependent variables
Effective soil-structure interaction pressures depend upon the characteristics and homogeneity of the soil, the nature

of the loading, and the stiffness and geometry of the buried structure, in relationship to the surrounding soil.

TYPES OF BURIED STRUCTURES

Because the type of buried structure has so much to do with the nature of buildup or attenuation of the passing over-
pressure, it is appropriate to consider these types in some detail. The three basic types, into which categories most buried
structures fall, are the rigid, rigid-flexible, and flexible types (see Figure 1). For completeness, each of these types is
briefly discussed, however, the major concern of this presentation involves the flexible type structures.

Rigid buried structures
Rigid buried structures are those buried structures which by definition undergo negligible deformation upon loading.

As a result of their rigidity, they have certain pecularities of interaction behavior which will be discussed in more
detail later.

Rigid-flexible buried structures
A rigid-flexible structure is one which by definition exhibits rigid characteristics until some point in the rising loading

cycle; at this point it yields in such a manner so as to reduce its volume or alter its shape considerably. In conjunction
with this behavior are certain changes in the basic soil-structure interaction characteristics.

Flexible buried structures
Flexible buried structures are those structures which by definition exhibit yielding or other noticeable structural

deformation immediately at the first sign of an overload. They continue this yielding or reduction in volume behavior
throughout the rising loading cycle. As isolated structures they may be quito weak, however, in conjunction with the
surrounding soil, the combined system may become very efficient at resisting dynamic overpressures.

SETTLEMENT RATIOS Ground Surface

To understand the nature of soil-structure inter- -
action phenomena, it is appropriate to consider three
basic types of settlement ratios. These are positive,
negative, and zero ratios. Rigid-Flexible Rii

II Structure If . Structure
The positive settlement ratio Itill

Definition. The positive settlement ratio by ------

definition is associated with the change in geometry of • •._'-----,- -

the soil mass surrounding a buried structure such that ,,.
the structure feels a vertical load in excess of the Ground Surface
resultant of the dead and live loads immediately
overhead.

Visual description. The concept of positive
settlement ratio may be described visually by the S cFlexible rigiuFe
idealized drawing in Figure 2. It will be observed Structure
that the soil mass surrounding the structure deflects
more than the vertical column ,f soil in which the
structure Is contained. As a result of this idealized ____. __-" _ -__..
geometrical discontinuity, vertical shearing forces are
produced which add to the load that is normally Fig. I Types of Buried Structure

437



SOIL-STRUCTURE INTERACTION

experienced. The effective soil-structure interaction pressure for this situation is then larger than that existing in an
undisturbed soil at this some depth. To be sure, this sudden discontinuity does not usually exist and more corbeling action
may be observed, however the overall effect is the, some.

The negative settlement ratio

Definition. The negative settlement ratio by definition is associated with the change in geometry of the soil mass
surroundiga buried structure such that the structure feels a vertical load which is less than the resultant of the dead and
live loads immediately overhead.

Visual description. The negative settlement ratio is shown visually in Figure 3. It will be observed that the soil
mass surrounding th structure deflects
less than the vertical column of soil in
which the structure is contained. As a
result of this idealized geometrical MACH FRONT

discontinuity, vertical shearing forces
are produced which subtract from the
load that is normally experienced. The P.
effective soil-structure interaction
pressure for this situation is then smaller L
than that existing in an undisturbed soii
at the some depth. A6 before, the"
sudden discontinuity does not exist and DEFORMED CR N t 7 iNAL GROUND
in reality soil arching takes place but SURFACE SURFACE
the overall effect is the same. 1€'' SHEAR EFFECT

Zero Settlement ratio SEC

Definition. A zero settlement ratio UNDEFORMED - - DEFORMED

is dene as eing associated with that STRUCTURE -... STRUCTURE

condition which exists when the
surrounding soil mass and the soil column
containing the structure deflect equal
amounts. Under such conditions, the
effective soil-structure interaction Fig. 2 Idealized Positive Settlement. Ratio
pressure is equal to that existing in an
undisturbed soil medium at the same
point. Figure 4 shows such a condition.

• .,-MACH FRONT

Systems conductive to zero
settlement ratios. These systerm are
those in which the soil and structure p.
possess equal stiffnesses. Certain types
of rigid, rigid-flexible, and flexible I._
structures may at some point in their
loading cycle exhibit this behavior. In
general, such situations rarely happen DEFORMED GROUND- " OR!GINAL GROUND

throughout the entire loading cycle. SURFACE SURFACE

SHEAR EFFECT

UNDEFORMED DEFORMED
STRUCTURE STRUCTURE

Fig. 3 Idealized Negative Settlement Rotio
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SOIL-STRUCTURE !NTERACTIONS

Rigid full,-buried structures
Rigid fully-burled structures generally produce positive settlement ratio conditions and, as a result, should be designed

for pressures in excess of those existing at similar points in undisturbed soils. By definition, a rigid structure is one which
undergoes negligible deformation on loading. According to the AFDM definition, a fully-buried structure is one which
is buried sufficiently so that transient effects of shock wave loadings may be neglected. Figure I shows a typical rigid
buried structure. This arch, if corresponding to the fully-buried definition, con only undergo uniform compressive stress
by virtue of its uniform pressure loadings. The only bending that can develop is due to the change in curvature associated
with the uniform change in radius that results from this idealized loading.

Flexible buried structures
Flexible buried structures exhibit the opposite behavior to rigid structures. An example of such a structure is shown

in Figure 1 as a vertically oriented circular concrete cylinder with thin steel diaphragms for the floor and roof. The
diaphragms are the flexible element of the system. Yielding of these diaphragms begins almost instantly at the first sign
of overpressure and such yielding continues until the overpressure is fully resisted by the combination of effects of the
change in geometry of the tension membrane
and the soil arching which takes place due
to the development of the negative settle- _-MACH FRONr
ment ratio condition. Herein lies the
real toughness of this combined soil- ---
structure system.

Rigid-flexible buried structures
As the name implies, a rigid-flexible

buried structure exhibits the qualities of .
each type during its loading cycle. Ad a
result, positive settlement ratios '-DEFORMED GR.OUND SURFACE -ORIGINAL GROUND SURFACE

immediately followed by negative ones may
develop. Two types of rigid-flexible UNDEFORMED STRUCTJRE
structures are shown in Figure 1. The
first is the reinforced concrete box
structure, and the second is the popular
steel-culvert. The box structure gains
its rigidity through the moment of inertia
of the concrete mass and through beam
and slab action. The flexibility is
achieved through the development of 0
yield hinges-beyond which point the Fig. 4 Zero Settlement Ratio
resistance to overpressure is almost
constant, if soil arching is neglected. p
The steel culvert has received much
attention at this conference. It is 1 / N. . S U R
actually ambidextrous in that it may RIGDSTRUCTUREexhibit rigid, flexible, or rigid-flexible / -' .

behavior depending on the nature of NS- Rl ICJD-FLExIBLE STRUCTURE
loading, type of backfill, etc. Generally, -SURFACE I
however, it is relatively rigid until either
large elastic deformations or buckling is
excperienced. Either of these latter effects
simulate flexibility and thus induce '
negative settlement ratios. /" '.

Summ'ay of effects ' ."

Figure ustrates probable effective
soil-structure interaction pressures which FLEXIBLE STRUCTURE
may be felt by buried structures of the three _7
basic type". The differences in the types -

are due totally to soll-shtuctue Interaction Fig. 5 Pressure Waves on Structures
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effects and relative stiffnesses of the structure and surrounding soil.
The stage has been set, by the previous discussions, for the statement that quantitative .predictions of these soil-

structure interaction loads are most difficult. Here we have a statically indeterminate structural problem of the worst type.
Very little quantitative results of any kind are available to substantiate reliable magnitude predictions. There is a
particularly intense need for more theoretical and experimental data on the soil-structure interaction phenomenon. These
quontitctive predictions are necessary if hopes of meaningful analyses are real. Fortunately, however, designs may be
produced from what limrted knowledge we now have if we are not overly concerned about being conservative.

The ultimcte in structural analysis is to find an anwer, such as stress and displacement, given a structure, its supports
and its loads. Obviously, for most physical systems there is generally but one answer. The analyst hopes to either find his
answer exactly or else gain a close enough approximation to it that this answer is acceptable. In short, tM anolyst is a
problem solver. ;n the author's opinion, #h ultimate in design is to create a given structure to resist given loads over
given boundaries such that an analysis is not necessary to assure that this structure will perform satisfactorily. In short,
then, a designer can be a problem avoider.

A qualitative understanding of the general physical behavior of an underground structure, as we have just considered,
is not sufficient for analysis. Because so little is known about the quantitative behavior of underground structures, as
compared with those above-ground, we unavoidably find that our designs ore conservative. This is not altogether bad,
however, because the source of conservatism is generally found in the supporting strength offered by the soil. For re-ions
in which blast overpressures ore considered, close-in fa!lout and initial radiation will almost assuredly be such that quite
a bit of mass will be required for adequate shielding. There is no more economical mass for shielding than earth and
therefore, in such regions, buried structures make sense from the fallout and radiation standpoint, let alone from the blast
resistance standpoint.

THE ANALYSIS AND DESIGN OF FLEXIBLE STRUCTURES

General
TFxible buried structures, because of yielding characteristics which produce negative settlement ratios, offer the

ultimate in economy because of the way in which they force the soil to resist the overload. The most efficient flexible
structure is that which simultaneously yields under constant stress at every point in its plane. The behavior of such a
structure may be predicted in advance by an inverse solution of the differential equations for stress in shell structures
under normal pressure loadings.

An introduction of this approach to design was mode at the Syinpsoium on Shell Research, Delft, The Netherlands,
August 30, 1961 (1). The application at that time was directed toward the "Configuration of Shell Structures for Optimum
Stress." Basically, the approach involves the initial assignment of a given final stress state, such as that of constant
stress. The search is then made for the shell structure which exhibits this final state of stress under a previously assigned
normal pressure loading. For the situation at hand, a uniform yield stress may be assumed under a blast pressure loading.
The configuration of this yielding membrane under this blast pressure loading is then the desired result.

For an example of the structural efficiency of a system such as this, consider the following simple comparisons.

Membrane Analysis of a Thin Plate "4f ij.& Z

viously designed one-way flal slob. ...

Where under a standard design
with po = 50 psi the rmeltlng section 2
is as follow As 4.08 in/ft

i 1/4" steel plate

covered with a thin steel plate. 1s-' ~ 5~' I50 15' .0"

Assume that when the load is applied th plate will yield into a circular arc. Consider a free body of the loaded
sectib)n, as shown on the next page.
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ANALYTICAL AND EXPERIMENTAL STUDIES, II

By static Equilibriumi:

F =0

Po(L) - 2(10,000 L )L=/

S10,000 000Po E or e
a

For this particular case of loading:

P =5Opsi ." R -=O1 OO0 -2O0 in. R-h

0

This determines the Radius as a function of the load only,
independent of the length (L). This condition in itself is
•nsufficient since no consideration is given to the percent-

age elongation. To determine this percentage, consider t
the equation of the triangle bounded by R and R-h.

2 2 L2L
(R-h) = R _) 

L

At yield T ft 40,000 (1/4) 10,000 lbs./in.
h=R- R-)5

h for this case is given by h = 200 -[(200) - (90) 12 = 200 - 178 22"
Calculation of the percentage of elongation:

S-1L

= -- where S is the arc length S = RG = (200) 2 ton I 1- 90
of the membrane

187.2- 180 7.2
%* =. 180 =1T = 0.04=4% .'. O.K.

Thus it is seen that a 1/4" steel mbraone is capable of resisting as great a load as a I?' reinforced concrete slab which
is reinforced at a rate of 4.08 in /ft. The plate contains 3.0 in2/ft. -- les steel than in the reinforced slab. The strain
of 4% is less than the ultimate uniaxial strain capacity of most structural steel plate.

For increased efficiency of stsel membrane, it may be used in a biaxial state of stress - such as that found in a
circular diaphragm, an example of which follows.

Po

T - ft4,000,, 10,0 bo.o

Two-Wa Circular Membrane
Consider a circular plate of diameter L "jected to a load of po psi and clamped around the circumference, as

shown above.
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From static equilibrium:

F =0

2 N2

• _o20,000 20,000 P J-3 P"P " or R= pe>1p, 0"•

o R P 0P2

For Po = 50 psi, R=400in. l2 N N 2

The some examples may be solved by a more N2
general approach. This approach involves the
application of the general membrane theory of shell
structures to the situation presented. Such theory f3
may be briefly developed as follows.

Consider a free-body of an element of a shell, as shown above:
From the equilibrium conditions:

a(ON 1 ) ( N12 N " N)a-1 +

~7 12 ~ 2a.1  ýC I

a N2) a &N 2 1 a'2

NI N2

1 2

For NI = N2 + S (constant), andN N2 N 0

1 212 2

Note that in this equation, R, oW R2 are the principal radii of curvature of Me final deflected sirface. P3 is the
normal premare on the surface and S is the membrane tensan in dimettions of force per unit length.

An illustration of the application of this equation is now mode with reference to the previous two examples.
4

First example: R2 =0, P3 = P = P , S = 10,000 lb/in.

-T -r "'T
. 12 3•--. 8 ,

1 000

R 1-200 in., a before.
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Second Example:

RI=R, R2 =R, P3 =P=Po 50psi

I RS = 10,000 lb/in.

1 1 P3

.. ~ I / =-P2 3 becomes
1 2

25

0

R 2(10 000) 400

S2 •.again, as before.

Obviously, it is as simple to apply the free-body diagram approach at it is to apply the general theory, however
for more complex problem,, the general theory must be used in conjunction with numerical solutions on a digital computer.
The following introduces this appioach.

General Theo of Funicular ShelIs
A shelf structure may be detined as a materialization of a curved surface in space. in general, the structure of

structural component so formed carries its loads primarily by direct stress. By this process, such structures make muximum
use of the material from which they are formed in resisting applied loads.

Among the classes of shell structures that are available for shelter application, there exist those which initially
exhibit uniform direct stres characteristics under certain specified loadings. These types of shell structures possess the
maximum possible structural efficiency that a two-dimensional structure is capable of providing. A structure which is
of one sheet and which exhibits uniform stress characteristics under normal pressure loading is defined as a funicular shell.
The particular type of such ihell structures that are formed when a thin steel plao, yields with "constant" stress under
application of a distributed normal pressure is ore such shape and is the sub;ect at hand. The pressure need not be
uniform far the funicular concept to be present.

Many authors have considered the general shape of funicular shells. As was stated, one introduction of the general
theory of the configuration of such structures under load was given at the Interntional Association for Shell Structures
Symisoium at Delft, The Netherlands in 1961 (1). The basic equation involved in this presentation wa

NI N2 Where R. and RI are the principal rodii or curvature, NI and N2

. 2- CFe the membra&~ forces and P is the lateral pressure load.

If it Is assumed that the some stress level exists at all points in the membwan and in all directions such that
NI = N2 = S, the above equation reduces to:

I I -P

1 2

The exact equation of curvature derived from difforential geometry for a function z f(xy) is:

I) 1 -10 C

1 2 r 2  2]S
I 44
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and solved by iteration tec~r~iques on a digital computer for D

certain membrane shapes and specific edge conditions. The
types considered in this pcoper are shown in Figure 6. The D'• .... 1.5 D" 2• ... D' ...SD .5

non-dimensionalized PD/'S versus zC/D curves, whichi are 6 ý-. .
shown in Figure 7 are results from the computer study. Only
the curves showing the center deflection are given, but
these are the most important as far as design is concerned. L

These curves are based on the behavior of a rigid-plastic Io
material. However, to use these curves with any other DJfltype of material the only additional information required
is the c.ppropriate stress-strain curve for the material.

The PD/S vs. zc/D curves are based on the average D _D_•

stress and average strain across the center of the membrane.
It is known that the strains are not uniform over a deflected
membrane surface (2,3,4). However, as far as vertical
deflections are concerned, the assumption of uniform
stresses and strains appear justified.

The only regions where this assumption leads to
appreciable errors is in the comers of rectangular 1 0
membranes. If reasonable care is taken during the con- D
struction to insure proper full-strength welds and if the 0i
design strain is reasonable (less than 2.5%) the yielding ,- I D

membrane structural element should serve quite well. D
Either the circular or rectangular problems could be 6- C

programmed for the computer with a non-uniform lateral
pressure. Soon, it may be possible to predict the attenuation hL Wof pressure on a yielding structural element and the . Clampe Edge

resulting pressure distribution. However, in working Yielding eamn
with yielding elements, they can be built as if they were Fig. 6 Plan Views of Shapes Considered
to be subjected to the full uniform
lateral pressure. The yielding
characteristics force the surface to
take the shape it has to assume. I Circular Dio. D

Although certain metals,
especially mild steel have very large
plastic elongation properties on 2.0 .3 1. Dx D . 00
uniaxial tests--sometimes greater 4 2 ' Dq
than 30% strain--this does not mean 4 2 0 ,
the matcr;al will admit such large
strains under biaxial conditions. 57 5
In fact, mast of the common yielding
materials will not admit average 3 C

strains greater than 9 to 10 percent f-
even in a membrane state of stress. S -

Since a true membrane state of 0
stress may be difficult, if not
impossible, to realize in actual Strain
construction, a maximum design
strain of 2.5% is recommended. 0 5 2-
This strain corresponds to a zc/D
ratio of about 0.10. I

To illustrate the use of these
design curves, consider the circular 0 .020
membrane which was solved 00 4 0 08 0 1 0 16 0.20
previously. In that example, •C/

Fio. 7 PC/S versus z/iD Curves
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P = P 50psi c5
so r

D = 15 ft ý 180 in.

S = 10,000 lb/in.

For this case PD (50)(Q80) 0 Shock Isolated Floor .T =--0. 7U o.o W

From Figure 4; zc/D = 0.057, which corresponds to a strain of approximately
1%. The center deflection, *k, is then 0.057 D, or 10.3 in. - Yielding Mem rane

The ultimate strength of this membrane may be easily determined by Fig 8 Yielding Membrane Shelter
entering Figure 4 with a maximum biaxial strain requirement of 2.5%. For
this strain PD/S = 1.5 and zo/D = 0.097. If PD/S = 1.5, then

p 1.5 S _1.5(10,000) =83 psiD - 180 =8 s

The center deflection, zc, for this condition is zc = 0.097 (180) = 17.5 in. This example demonstrates the remarkable
reserve strength of these elements.

To achieve the greatest economy and overall toughness of the shelter, it is suggested that the same type of membrane
be used on the floor as on the roof. Figure 8 above, illustrates this concept.

Usually the center deflection to span ratio will be the governing design factor but, also a check should be made to
insure against an excessive pressure increase in the structure which may be induced by the sudden deflection on the roof.

This "back pressure" should not be greater than 4 to 5 psi. The Lovelace Foundation indicates that this is the thresh-
old of the eardrum damage region. The back pressure curve which is shown in Figure 9 is for a circular structure but
will work well for square areas. If used for other rectangular shapes, the actual pressure would be greater than the value
from the graph resulting in non-conservative answers. The whole problem of back pressure can be ignored if the membrane
has an initial "dish."

Membranes Supported by Yielding Beams
If yield'ag membranes were used in the design of blast shelters, it might be advantageous to use yielding beams across

the membrane to decrease the maximum deflections. As with the yielding membrane itself, the force in the yielding beam
would have to be resisted in so.me manner. In the following figures the behavior of such reinforced membranes is indicated.

The PD/S versus zc/D 5 r Z
curves (Figures 10, 11 and 12) 3+ PI
are non-dimensionalized P = P 2
pressure versus deflection 6(5) Q-) --2z -

curves for the points of 4 - - 3 -- :
maximum deflection of the -
membrane and the center
points j the bearn. .,r the .25
conditions of edge con-
straint. The numbers inside 3

the circles are values of the P 14.7 pi D.
ratio F/SD where:

F = strength of beam and 2

membrane

S = membrane strength b1

D = short span distance I

The subscripts refer to the
locations of the point. For
example, (9) refers to 0 0
the PD/S vs. D curve for 0 0.04 0.06 0.12 0.16 0.20 0. '4

the center point of the I€
membrane, when the ratio of "17
beam strength to the product Fig. 9 Peak Pressure vs. Center Deflection - Circular Membrane

445



SOIL STRUCTURE INTFRA( TfI,..N

of the membrane stren,;th and the span is one. These graphs are for s.-rreltrical cases, .e., it is iiss i :t te
conditions on both tides of the supporting beams are the some !see Figurcs 13 and 14).

DYNAMIC TESTS

Dynamic tests were conducted in the University of Arizona blast simulator. This simulator is a plane-wave generator
powered by a hydrogen-oxygen explosion. The blast chamber, shown in Figure 15, is a 300 gallon, 8 ft. by 2.5 ft. dia-
meter tank mounted vertically on rubber bushings to a heavy concrete base. Access to the chamber is achieved by
unbolting the top section of -

the tank and swinging the
bottom section and the base ,97 K92 -5,
around a pivot. The 2.5 ft. 9.• 9,17
x 2.5 it. soil bin is then 2.0 ---- 't----
exposed for the placement of [I)
model structures, gauges, 119
and sand. There is also a 9,10
14 in. diameter access hole I"9
in the bottom of the soil bin 1.5 -Ol-,--

and two 4 in. diameter C 9, 7
access holes and windows PD

in the top section.
The blast wave is caused 1.0 - / -....

by a hydrogen-oxygen
explosion detonated by an 9,17
electric spark. Predeter- F n "
mined quantities of hydrogen, 059,9 __ __ __

oxygen, and air are measured
in the three auxiliary tanks I igiLocoat
on the side of the chamber. j j j 1
The air controls the rise time 0
of the blast wave. The gases 0 o004 0.08 0 12 0 16 0.20 0.24
are red into an evacuated Z '
plastic bog at the top of the PD z
tank. The explosion is F-g. 10 Square Membrane with One Edge Beam
detonated by an electric ,
spark which is triggered by
the same switch that starts 1,99
the recording instruments.
The decay time is controlled u ..
by adjustable exhaust valves 9
and spning washers between - 9J
the chamber sections. T'-e
decay curva is exponientittl 1
The detonating spark and
the gas bag are c )ntered in P° 09,9
the tank to minimize dynamic-
imbalance during tests. io

The overpressire range
is from 0 to 50 psi with
variable rise tirme4 from less
than one millissconc t over 9 5 .... !+ -!-

o n e - t e n t h o f a s e c o n d , a n d i L o c a t io n
decay times from one-tenth
of a second and up. The I
blast waves could be con- t
trolled to within 10 percent 0 0 0( 0 08 011 0 o1 0 20 024
from test to test. The ,4 o

instrumentation and recording Fi I PD V
devices included two Statham vs. ; Square Membrane with 8eams on Twa Opposite Edges
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pressure transducers (0 to-
50 psi), two Tectronbx dualf 20
beam oscWloicopes with * '0
L.omerar, onf s;A-channel
Brush recorder, and one two- 2 .)

channel Sanborn recorder.
The blast simulator has

been used to test yielding
membrane models above and 1 --.... . . ...- 5- -

below ground. The test
models were 3.5 to 4.0 inch PD

cylinders which were con- 7

structed so that the edges 0 _
held a membrane tightly .

clamped (Figure 16). The
investigations were made to 9,17

determine the effects of0.----99
depths of burial and i,j Loation

structural flexibility on the
percen t age of load carried 1 7 -X

by the yielding elements.
From the tests mode in 0 0.04 0.08 0,12 0 16 0 20 0 24

the blast chamber, some A/D
insight has been gained into Fig. 12 D vs. z Sauare Membrane with Beams on Two Adjacent Edges

the amount of attenuation S

of overpressure which is
caused by soil cover. These
tests showed that soil cover
does attenuate overpress ,',.

4 appreciably; mainly due to

an arching action in the
soil as the membrane yields.

Had these models been rigid
they would have been sub-
jected to pressures close to
the surface overpressure.
As con be seen from the test
evidence, the arching
action was acting well
before the model was buried
one-half the diameter and Fig. 13 Square Membrane Test Fig. 14 Square Membrane with
at one diameter only one- Yielding Two Yielding Beams

tenth of the overpressure

is felt by the buried
membrane roof (Figure 17).

These results are not
useable for prototype pre-
dictions because the
principles of similitude are

not satisfied. Tey do serve
to illustrate the attenuation
due to soil arching. The
orching, in this case, hod
as a point of %upport, the
edge ring of the model
structure. Had this edge
sing not been present the
soil would have arched from Fig. 15 Blast Simulator Fig. 16 Model Structure and Deformed
a point outside the structure, Model Shells
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rQ Ole Mrc- .' o4,lid '-ve rter, longer and flatter
rind tN.: the attenuatisu, oi uverpressure .vovld
hove been less.

In tests with the circular models, it was
,,(oed that the deflected shape was nearly . .

spherical except that near the edges where the
soil arch was supported by the structure the
curvature was greater. The radii of curvature
along a diameter was measured and by making " t
use of the basic foatula .

1 1 P

1 2

a fairly accurate distribution of the pressure
across tne membrane was determined (Figire 18)
Note- a thin rubber sheet was placed over the
surface of the sand to prevent the blast wave t f
from permeating the pores.

Tests have shown that yielding membranes
have the ability to deform dynamic overpressure!
It has been noted in the test conducted at the 02

University of Arizona that there is 10 to 20 per- • (diameters of burial)
cent increase in deflection under a dynamic
load as compared to the same magnitude of Fig. 17 Altenuation of Pressure with Depth

overpressure applied statically.

CONCLUSIONS

Yielding membrane structures which are supported -,ich R

that they can develop maximum strength in membrane action
are efficient components of a shelter structure. Preliminary ".

studies attest to their feasibility and toughness. The true 10
dynamic behavior of these buried components needs further _ -

study, but tests to date indicate no great differences in
behavior between static cind dynamic loadings. Their U

ability to promote favorable soil-structure interaction while " -
remaining in stable non-buckling configurations is one of
their prime assets. The probabilit> of survival (POS) of
these shapes is quite large because of their ability to stably

"sustain locJing in eAeu of jti;9n overr.s"Sfes. 0

0 0.50 1:00 1.50 2.00
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THE RESPONSE OF BURIED CYLINDERS
TO QUA0I-STATIC OVERPRESSURES

by
B. A, Donnellan*

ABSTRACT

An experimental investigation was conducted into the response of small buried aluminum cylinders to quasi-static
overpressures. The cylinders were 4 inches in diameter and were buried with their axes !crizontal in dense, dry, 20-30
Ottawa sand.

Cylinders of two wall thicknceses (t = 0.035 inch, d/t = 114; and t = 0.016 inch, d/t = 250) were tested at depths
ranging from zero to two cylinder diameters. Their behavior was evaluated quantitatively by means of radial displacement
gauges and tangentia! strain gauges. Data corresponding :o five overpressure levels up to 140 psi are presented. This
maximum value exceeded the theoretical in-air primary buckling pressure of the cylinders by factors of 9.4 and 99.

Destructive tests were conducted on non-instrumented cylinders of six stiffnesses. The maximum cpplied over-
pressure was 160 psi (470 times the theoretical in-air primary buckling pressure of the most flexible cylinder). The over-
pressure required to cause collapse of the various cylinders was determined for as many depths of burial as the maximum

3 overpressure would allow.
The destructive test data demonstrato the great resistance to collapse imparted to a cylinder by burial. The

non-destructive test data afford a comparison between the behavior of a relatively stiff and a relatively flexible cylinder
as the depth of burial and the overpressure are changed. Two zones of burial (deep and shallow), based on the behavior
of the cylinders, are defined, 1hese zones depend on the rigidity of the cylinder and the magnitude of the overpressure.

INTRODUCTION

The soil-structure interaction problem is not new. One aspect of it, that of the culvert and tunnel, has been the
subject of much theoretical and experimental study. The lkown high load-carrying capacity of the culvert and tunnel,
together with other advantages of burial, has attracted the attention of designers of protective structures.

A portion of the research effort at the Air Force Shock Tube Facility is directed toward an understanding of the
parameters involved in the design of such structures. These pcK.ametrs inclute the structure's shape and stiffness, the
engineering properties of the ;urrounding medium, the depth of burial of the structure, and the peak mognitudi and time
history of the applied overpressure.

This investigation concerned the response to quasi-static overpressures of small cylindrical structures (4-:ncý IC)
buried with their axes horizontal in dense, dry, 20-30 Ottawa sand.

The first phase of the investigation dealt with non-destructive tests - nstrumopted cylinders. mhe progreim
allowed varietions 'n t!,e st;ffnest -f the cylinders, .- a deptL of burial, anu the overpressure level.

Destructive tests on non-instrumented cylinders were conducted in the seconi part of the investigation. The
Intent was to determine the .verpressurc required (maoxirjm available, 160 psi) to cause coll,3pse of cylinders of various
stiffnesses over as great a range in depth of burial as the maximum overpressure would allow.

Significant experimental investigation into the behavior of small buried cylincdrs has been conducted by
Robinson (1), ulson (2), and Wl",itman and Luscher (3).

EXPERIMENTAL PROGRAM

Scope of Investigation
T herimntol program w% divided into 1) non-destructive testing of instrumented cylinders, and 2) destructive

testing of non-instrumented cylinders.
The test cylinders described by Robinson (1) and Bulson (2) varied frm very stiff to ,ery flexiLle (the equivcilent

aluminum d/t values raged from 27 to 333). Testing outside of this stiffness range would h.ve l.avolved the problems of
handling an impracticably flexible cylinder at one end of the scale and eliciting a meau'roble response in the rang. of
overpntsiure ( 140-pei raximum) at the other end of the scale. For the instrumented cylinders, two d/t values (114 and
250) were chosen to fit conveniently between these two extremes.

*Rewsrc9 Aociate Eng;neer, Air Farce Shock Tube Facility, University of New Mexico, Albuquerque, New Mexico.
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i~-~te. 'emai-%u- overpressLure I-the ýon-iestr-,cts ie tests ,-is 140 ;-s'

Th~e goal of the destructive tes's ^~us to deter-ine ti'e cJ:llapse overpressure for c, linders of as mon), stiffoesses and
over as great a riange in depth of burial as the ~omairum, overpressure wNould allow. Ihe practical limitation on the maximum

overpressure (160 psi) and the great Increase In resistance to col lapse imported to a cylinder by burial combin~ed to curt~ail
the extent of destructive testing.

Dense Ottawa sand was used as the surrounding mnedium in all tests.

Allthestrctuestested were cylinders, 4 inches ID toy 16 inches long. The ends of each cylinder were sealed by

tight-fitting plates, held apart by an axial rod so that the axial forces on the plates were borne by the rod and not by the
cylinder.

Instrumented cylinders of two stiffnesses were used. The stiffer cylinder was a commnercially available drawn tube
of 6061-T4 aluminum with 0.035-incl, wall thickness. The more flexible cylinder was fabricated from 2024-0 aluminum
sheet of 0.016-inch thickness, using a 1/4-inch epoxiP-j lap joint. The d/'t values of the two types of cylinders were 114
and 250, respectively. The theoretical in-air primary buckling pressure, as given by the equation Pcr =[2E/ (1-v2)] (ý/d:) 3,
for these two cylinders is 14.9 and 1 .4 1 psi, respectively (4). The maximum overpressure exceeded these theoretical
values by factors of 9.4 and 99.

The cylinders used in the destructive tests were also manufactured from 2024-0 aluminum sheet with thicknesses
of 0.010, 0.012, 0.016, 0.020, and 0.025 inches, giving d/t values of 400, 333, 250, 200, and 160, respectively.

Young's modulus for both alloys is 10 x 106 psi. The yield strength, bcsed on 0.2 percent permanent strain, is
16,000 psi for 6061-T4 aluminum and 8,000 psi for 2024-0 aluminum (5).

Test Technique
The cylinders were tested in a horizontal orientation in a bin, 30 inches in diameter and 16 inches deep, con-

taining dense, dr, , 20-30 Ottawa sand. The sand was sieved into position by allowing it to fall free through a flexible
hose, funnel, and screen (6). The height of fall from the end of the hose tlo the surface of the sand varied from 12 to i8
inches.

The surface of the sand was maintained as close to hcr~zontoI as possible during placement. Whtn the sand
reached a required level in the bin, the cylinder to be tested was placed on the sand surface. Care was taken to minimize
the generation of failure zones in the sand. The sieving continued untIl the surface of the sand reuched a level 1,4 inch
below the top of the bin. The sand adjacent to the invert of the cylinder was deflected into place to maintain a horizontal
surface and avoid local shear failures.

An air-tigh; rubber membrane which extended over the rim of the bin was placed on the sand surface. The top
cover plate was thten put in position~ ard tightened down. The' surcharge, in the form of air Pressure on top of the membrane,
was applied at ahout 5 psi per seond and then released. The maximum pressure was 160 psi for destructive tests and 140 ps;.
'or non-dlestructive tests. LoNer values were use6 ;n the testiigj of the more flexible, instrumented cylinder to avoid its
collopse and the destrution of the displocement gatmes.

,he rrethod r,, Placing a dense sand omound a fleg5bie cylinder proved satisfactory. The average unit weight
!hrougF.~ut the bin wis I !a lb'. cu ft (void ratio 0.47). In about half twt t tis the 'variation in overage ,nit weight was
less than 0.4 lb,:cu it, and in only about ten percent of the tests did it e'~ceed I lbl-cu it. Figum, I shows a plan andi
elevation of t~w test L~in.

Instriumentm.ý;
~Therespons4e of ouch instrurrntend cylinder thnuighout thy~ ia4oll;b'g ad unloading cycles --.as mitrJcoontinu-

ously by six electric ~thoin gauges a-nd fi-.e e!ectri.. Oispla..romont googes. Ty 'pe A'.14, wire-wound, Ixiper-bocK StraiVA
gauges manufactured by the B'Idwirn-Liina-Harnilton Corporatioci weft s'*ed. Lvirtar potentiometers., m-nul~cmtord by both
Corrputer Instruments Corporatiov and bourn&, Incorporated, weee usied ms dusplocemont poillges. Pthe stw.in 9%:uges .vr.re
mounted circimrferentiolly at mid-length of the .cylirders c' both .he inner and outer surfaces ot the crown, ii`glbe,
and itiert (Figuire ?a). The roo dinqý fro'r ear.h sot of bmk-to-bock gouges enabled the strain in tie wall of the cylinder
to be broken into ti-. direct ur~d flexural corliponents. The ýisploctrtwzrt gauges "orei installed to register the iitlotivie
displacement between the cylinder wall and theio iliff axioi re6 suppao0d by ti,,*ee 1 platts (Figure 2b). Two Dynisco
Model 25-,C iNear preswro transdujcer were insto~led in the cover pl'4eto tc nnitcir the overpresurue io the non-diistirvictve
tests.

The coil"as overprelssure of the non-insitrumsntieJ cylinders in the .tkstrucirive tests were read on aBorn
gkouge. The womerit of coil"ps was mark~ed by a vlioden reduution in overprelslure and a XIhor roport. The locations of
the pressure transdvcers and the Illrdnn gouge are shown in Figure I.
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In the testing of smail rairied stru.ct.~res, týef iot' s. r,,e- - 1 r -r

technique itself and inevitab!e error% in -e recordtr,_ j-'- re;s .: t. ' t
There is a definite possibility that silo-tjpe arcý,in . t' P test r- itel -o., •e *- e ej the ue-•_.u _r

buried cylinders. In a carefully built apparatus in which' total ý-oads at boti- erns )f ) rigiý, c.ýntJi-ed coG v, ot .tiense,

20-30 Ottawa sand were measured hdraulically, Abbott (7) reported measuring ,cA. uboAt 65 ,ercent of the applied lana
when the height/diameter value of the sand was 0.315. In the writer's investigation, the ratij between the nax,'ur coyer
over the test cylinders ;_nd the diameter of the test bin was only 0.267. Hence, it is urlikely that silo ý'fects distorted the
trends in the data.

It is recognized that a cylinder lenyth/,diameter value of fcur would inhibit the development of the in-air primary
buckling mode. However, the end restraints play a smaller and smaller role as the order of the buckling mode increases.

In addition, there are inevitable errors in the calibration of gauges and in the processing of data. Reduced data,
from tests conducted under supposedly identical conuition5, which differ by less than 20 percent are considered satisfactory.
The reader should bear this in mind when terms like 'constant" and "linear" are used in connection with the data.

The possibility of obtaining a theoretical solution to tke problem of the buried cylinder, bca; ý on reis:.,. m
tions, is extremely remote. A theoretical analysis of the arching around a movable, rigid trapdoor has been made, assuming
constant-volume olastic flow (Bedesem, et al (8)). An analysis of the arching in a dilatant sand around a flexible cylinder
with an incompatibility of strain at the
sand-cylinder interface would be much
more complex and has not been attemp-
ted.

DATA

Data from the tests on instru- V
mented cylinders were obtained in the ... \

form of traces of gauge output versus o
time on Polaroid pictures. The sweep
speed was 5 sec/cm. The vertical grid
lines on the pictures corresponded to the
same times in any one test. No time
ltjg between the application or release
of preasure, as recorded by the pressure . -
gouco, and the response of any displace-
ment or strain gouge could be detwcted.
It was thus po"ible to line up the
pressure-time traces with the gauge
output-tin* traces and read the output
of the gaoges at any desired overpresmrv
level. OverpreU,, levels of 10, 30,
50, 100, and 140 ps* (the maximum Pressure
value) were choen oritrrily for the transducer
p.otlryal of the ,ta. Figure 3 shows Membrnar A i rpr-
the n'*nwe in which the gouge data , .
were comlated with the plessure-time -

The deflections (6 ) and thet
depffts of cover (c) were normalized by TC -
dividig by th, diameter of the stmetre Test, ( tnd -- -"
(d). The normlized deflection wm thfn
expresned as a percentage. In the DeneM, j0" ,..
tiojrity a' coses at leat thr, tests Ot t'a sand ."

were con&tted at each depth of burial.
Only the ovirv~ie Vel roIm (. each depthL
was pott.. ..

An effort was mode to ovoid
the incUsion of triny s6milor plots; those
preewswe were wilected to illusrote
beaovior of cy;ndien at bt4th dmp wnd Fig. I Kin and Elevotoon ai Test Bit



SOIL-STRUCTURE INTERACTION

shallow burial. In this paper a cylinder is considered to be deeply buried when the observed phenomena are independent
of or, at least, vary little with c/d in the overpressure range tested. A cylinder is considered to be buried at shallow depth
when the observed phenomena vary considerably with c/d in the overpressure range tested. These definitions proved
satisfactory, as the distinction was quite sharp. It was best exemplified by the displacements and strains at the crown
(Figures 4a and 5).

Tests were not conducted on the more flexible, instrumented cylinder at small c/d values lest collapse of the
cylinder and damage to the displacement gauges occur.

It will be observed that occasionally some data points are missing from the figures. This is due to the fact that
the signals on the Polaroid pictures, for some reason, were unintelligible.

Stiff, Instrumented Cylinder (d/t = 114)
Displacements. Plots of the normalized radial displacement (6/d) versus c/d are presented in Figure 4 for each

of five overpressure levels.
The displacements at the crown showed an essentially constant inward movement of the cylinder with depth, except

for a sharp increase at small c/d values (Figure 4a). The c/d value at which this change in behavior took place increased
with the overpressure. At the
lowest value of 10 psi, no • A
change in behavior with c/d _ 2
is exhibited; and at the high-
est value of 140 psi, the
change takes pl,.ce at a c/d
value of about 1/2.

D!'placement gauge
2, inclined at 450 above the ___ -_____
horizontal, registered an
inward displacement which
remained constant with depth
for each overpressure level 5
when c/d was equal to or
exceeded 1/2 (Figure 4b). T6
At smaller c,/d values, the A

output of the gauge decreased Section A-A
and actually reversed sign at (a) Strain gauges
the higher overpressure
levels. Two points are
worthy of mention regarding
this change in behavior.
First, the c/d value at which
the change took place ap- B 4
pears to be independent of
overpressure, at least in the
range of ove'pre°sure con- I
sidered. Second. both the 2
inward displacement, when 12
c/d was eqLal to or gr-ater I- 3
than 1/2, and the outward 4_ -.. *- -, B_

displacement, when c/d wGs 3,
less than auout 5/16, LJ I

increased in magnitude wifh I 4
overpressure.

Displacement gouge
3 monitored the movement 0t -

the *pringline. The reonse B Section B-B
curves indicate an outward
displacement at all times (b) Displacement gouges
(Figure 4c). At the lower
overpressure levels, the out-
put of the gaujge proved
insensitive to c/d. Hoerover, Fig. 2 Arrangement of Gauges
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ANALYTICAL AND EXPERIMENTAL STUDIES, IV

at the maximum overpressure level of 140 psi, the o. tword movement increased significantly as c,/d was reduced from 2 to
1/4. No tests were ccnducted at lower c,d values for this overpressure.

Figure 4d shows plots of the data from displacement gauge 4 which was inclined 45 below ihe horizontal. For
all practical purposes it can be said thae the radial displacements were outward and constant with dept"- for each over-
pressure level when c/d exceeded a certain value. This value increased with the overpressure. At low c/d values the
output of the gauge decreased. At c/d equal to zero and for an overpressure of 100 psi, the disr lacement reversed sign.
There are indications that still greater inward displacements would hAve >c:ý.irred at higher overpressure ;evels.

The deflections at the invert were inward and increased in a linear manner for all overpiessure levels ois c/d was
reduced to 1/8 (Figure 4 e). At smaller c/d values, a sharp reduction in output of the gauge took place. This behavior
is documented by two tests at c/d equa! to 1/16 and three tests at c/d equa! to zero.

Strains. Figures 5 to 7 present the strain-gauge data.
-l"cres in Figures 5a and 5b show the variations in strain on the interior and exterior surface- with respect to

c/d for five overpressure levels. Three facts can be noted from these plots. First, relatively large strains were recorded
at low c/d values. These strains were tensile on the interior surfoce and comrpressivs on the exterior surface. Second,
the response of both gauges was essentially independent of the cover when c/d exceeded c value of about 1/2. In this
range of c/d, the strains on the interior surface were tensile at l.w overpressures but compressive at the higher revels.
Third, 7he c/d value at which the change in behavior took place increased with the overpressure and may be as large as
5/8 for the strain on the exterior surface at 140 psi overpressure.

Figures 5c and Sd show the
direct and flexural components of strain
at the crown plotted against c/d. The
comments about the total strains can be (a) Overpressure vs,. time

applied equally well to the components (sweep sT~ee' ec/cm

of strain. The flexural strains increased
significantly as c/d was reduced to low
values.

Figure 6 shows plots of the
strain-gauge data at the springline. I

The data are somewhat erratic, but ] S 00 psi
some trends are evident. As was the 0
case with the displacements along a
horizontal radius (Figure 4c), neither .......
the total strains nor the componetl of -

strain proved sensitive to c/d. This is
significant in that the direct strain at
the springline is indicative of the
vertical load on the cylinder. The
direct compressive strains in Figure 6c I
indicate that somewhat less than 50
percent of the applied overpressure
was carried by the cylinder. The
flexural strains are of the order of
one-half the direct strains. However,
Figure 6d indicates that at higher 4
overpressures and low c/d values the

flexural strain might inc~rease signifi- (b) Strain or displace-

cantly. ment vs. time (sweep

The strains at the invert were speed 5 sec/cm)

monitored by stra'i, jaouges 5 and 6,
and the data were plotted in Figure. 7.
No significance stbould be atta ched to

the fact tLit the cures ao strai versus
c/d are tf- .'s. The origin o# this
effect prooaoly lies in inevitable Gauge output at 100-psi

variations in the seating of the cylin- overpressure

der. Little tendency toward a sudden
increase in total strain or components
of strain at low c/d values is exhibited
by the curves. The flexural strains
exceeded the direct strains by a factor Fig. 3 Correlation of Gauge Output with Overpresure
of about two.
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Fig. 5 Strains at Crown (d/t z-114)
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Microstrain M Microstrain -

1/2 140 psi 1/2
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140~4 psiso 5

3/2 K T4  3 /2

_______ _____ 1 _

(a) Strain &auge 3 (b) Strain 2-•t

Direct microstrain - H Flexural microstrain
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- I - I/
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Fig. 6 Strains at Springline (d/t 114)
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General Behavior. In assessing the overall behavior of the cylinder, it was helpful to bear in mind the mode of
failure in the destructive tests. Collapse in these tests was found to be initiated by snap-through at the crown. This fact
is stated explicitly for two reasons. First, the very flexible cylinders tested by Bulson (2) first showed distress in the
vicinity of the invert. Second, in dynamic tests at the Air Force Shock Tube Facility, in which identical buried cylinders
were subjected to plane wave loading, collapse was found to take place at the invert.

There is no doubt that more information on the displacements and strains in the quasi-static test cylinders would
help in establishing their overall behavior. However, some significant observations can still be made.

Figure 8 shows the normalized displacement, direct strain, and flexural strain for a deeply buried cylinder
(c/d = 3/4). The displacements at the crown and invert were inward. The deflections at the springline were outward and
smaller in magnitude than those at the crown. On the radii, inclined 450 above and below the horizontal, the deflections
were inward and outward, respectively. The magnitude of the displacement at each of the five gauge locations increased
with the overpressure.

The direct strain varied little between the three gauge locations and, bearing in mind the inherent spread in data
of this type, could be considered constant. A tendency toward a somewhat greater direct strain at the springlinae than at
either of the other two stations can be seen, especially at the higher overpressure levels.

The flexural strains were least at the springline, larger by a factor of about two at the crown, and larger still at
the invert. Those at the invert exceeded those at the crown by u factor of about four. This means that the flexural strains
at the invert exceeded those at the springline by o factor of seven or eight. Even though the deflections at the crown and
invert were of the same order of magnitude, the curvature was greater at the invert, thus accounting for the larger flexural
strains.

Similar data for a case of shallow burial (c/d = 1/16) are presented in Figure 9.
The displacements at the crown were larger than for the deeply buried cylinder (Figure 4a). The displacements

at the springline remained essentially unchanged (Figure 4c). The displacements, on a radiu. inclined 450 above the
horizontal, were zero for the lower overpressures and outward for the 100 psi overpressure level. The outward movement
is indicative of the formation of a mode of relatively high order in the vicinity of the crown. Figure 4b indicates that the
outward displacements would be even greater at 140 psi overpressure, provided, of course, collapse did not occur.

The deflections on an inclination 450 below the horizontal wure outward but smaller in magnitude than the
corresponding values for a deeply buried cylinder (Figure 8). Furthermore, as the overpressure was increased, the magni-
tude of the movement increased when the cylinder was deeply buried, but decreased when buried at shallow depth.

0.2
+

S3 4 12345 Crown

S, -Psi

0.2 2-- 303-- 50
4--100

0.4 - 5--1400
45

1 2 3, 4 5 43 1 i SpringlineI - " - - -t4 ..

S5 2
45• , ii II i~ ~ 1

.•, 5 I/ / I,

Si
2d~. ~ -, ivert

123 4 5 1 2 3 4 5
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(a) (h) (c)

Fig. 8 Normalized Radial Displacement, Direct Strain, and
Flexural Strain (d/t = 114, c/d = 3/4)
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Figure 4d indicates that an inward movement would have taken place at this cover (c/d = 1/16) if higher over-
pressures had been used. Again, this would be dependent upon the cylinder remaining intact. At the invert the displace-
ments were inward and also of smaller magnitude than when the cylinder was deeply buried.

Two observations are worthy of note from Figures 9b and 9c. First, the magnitudes of the direct strains and
flexural strains at the springline and invert were essentially the same for shallow as for deep burial. Second, a large
increase in the flexural component and a somewhat smaller though significant increase in the direct component of strain
took place at the crown. The flexural strain increased by a factor of two at 10 psi overpressure and by a factor of four
at 100 psi overpressure. An increase of 75 percent in the direct strain at 100 psi overpressure was recorded.

Figure 10 affords a comparison at an overpressure level of 100 psi between the displacements and components of
strain in a deeply buried cylinder (c/d = 3/4) and in a cylinder at shallow depth (c/d = 1/16). The deflection diagram in
Figure 10a shows the increase in the order of the deflection mode in the neighborhood of the crown, as c/d was reduced.
Curiously, the reverse took place at the invert. Since collapse in this series of quasi-static tests has been found to be
precipitated by snap-through at the crown, the deflections of the lower pn'rt;vn of the cylinder probably had little
influence on the collapse overpressure.

Figure lOb indicates that the direct strain at the crown increased about 75 percent while that at the springline
and invert remained unchanged when c/d was reduced from 3/4 to 1/16.

The flexural strain (Figure 10c) showed on insignificant increase at the invert, a 50 percent increase at the
springline, but a four-fold increase at the crown where c/d was reduced from 3/4 to 1/16. It can be seen in Figure 5d
that the flexural strain at the crown increased two-fold at 100 psi overpressure when c/d was reduced from 1/16 to zero.
Thus, at this overpressure, the flexural strain at the crown varied by a factor of at least eight over the range in c/d. The
indications from Figure 5d are that this factor would be even larger at greater overpressures.

Flexible, Instrumented Cylinder (d/t = 250)
Displacements. The normalized radial displacement (6/d) was plotted versus c/d in Figure I1 for each of five

overpressure level s.
In the range of c/d tested, the displacements at the crown increased linearly as the cover was reduced (Figure

I la). No tendency toward a sharp increase in deflection was detected in the range of overpressure tested.
The displacements, along a radius inclined 450 above the horizontal, were plotted in Figure I lb. All movement

was inward. A reduction in the magnitude of this movement, similar to the behavior of the stiffer cylinder (Figure 4b),
took place when c/d was less than one.
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Fig. 9 Normalized Radial Displacement, Direct Strain, and
Flexural Strain (d/t - 114, c/d = 1/16)
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In Figure 1 Ic the displacements at the springline were plotted. The outward movement at thie srpringline increased
linearly as c/d was reduced from 2 to 3/4. At the latter value, a sudden reduction in output of the ;lor,• tock place.
When c/d equaled about 5/8, zero displacement was recorded for all three overpressure levels testeu.. ill smaliir c/d
values, the Sauge recorded inward movement of the cylinder. At a c/'d value of 1/2, the magnitude of the inward move-
ment was almost as great as that of the outward movement at a c/d value of 3/4. Still greater inward deflections of the
cylinder were recorded when c//d equaled 1/4. No tests were conducted on cylinders of this stiffness (d/t = 250) at
shallower cover. It can be seen from Figure 1I c that, regardless of sign, the magnitude of the movement increased with
the overpressure. These inward displacements at the springline are considered of great significance and will be discussed
later.

The displacements, along a radius inclined 450 below the horizontal, were plotted in Figure lid. The data are
erratic and do not follow any pattern.

The displacement data from the invert were plotted in Figure 1le. The displacements were inward and increased
for all overpressure levels when c/d was reduced from 3/2 to 3/4. At c/d values less than 3/4, a sudden reversal in sign
took place; and outward movements were recorded. The significance of this behavior is not understood. It will be recalled
,hat, for the same gauge location in the more rigid cylinder, a sudden reduction in inward displacement but no reversal in
sign took place at small c/d vaiues (Figure 4e).

Strains. The strain-gauge data are presented in Figure 12. These data are very erratic. The explanation advanced
is that IocalT'uckling developed in c rardom manner ;n the very flexible cylindrical shell and resulted in spurious strains.
The data are iot conducive to detailed
discussion, but some pertinent remarks
may be made. Microstrain Microstrain

The interior strain gauge at the .+ + " +-

crown recorded tensile strains when c/d 600 400 200 0 200 800 600 400 200 0
was less than about 1 (Figure 12a). 11- 30 o0

The output of the interior strain -1
eauge at the springline (Figue 12c) 112 1/2
proved very similar to that of the corres- 3 '3

ponding gauge on the stiffer cylinder 140(Figu~re 6a). The tensile strains, .... 303 oil---

recorded by the exterior strain gauge at 1/0 hOdJ O

the springline when c/d was less than /100 50
3/4 (Figure 12d), are not consistent (i 1 ( Sr n a e

with the inward movement at the ý.pring- (a)rStraiRI

line shown in r';gJre i1c. Assuming cscrostra-.,

both sets of data are cormct, this can 400 200 0 0o00 800o600 400 200

be accounted for only by p"tulating 40-0,010 0 0 0

Ihe occurrence of local bucklil.g. -

The capricious natute of the / 12
strains at the invert is not entirely 50 yj 112

unexpected. Bulson (2) found that fkr '30

very flexible cylinders It was th, invert
which first showed duistreus under load. r-
Furthermore, irregulartties in the density 30 so
of the sand may have occurred ner the - 3/2 .1 0 )12

invert. (c) Strain gauge 3 (d) Stra'.n gauge e

General Behavior. To empho- Microstrain
size the sitgcance or t.;nwrd -icro ran-

moverent at the springline at small c/d 600 400 200 0 200 4001000 600 600 400 200 0 200

values (Figure I 1c), two deflected . 50o

comrespind to an overpressum of 50 psli, 0 11. .

but one Is for deep burial (c/d 3V/4),,
and the other Is for shallow burial .. .
(c/d - 1/2). The distinction is based on 6 V 

' - 0

the change in belwvlor at the tpringllne. i 0
The deeply buied cylinder i

deflected in a low-order mode. Dis- (0) Strain ituie . (f) Strain gauge 6
placements waes Inward and of about
equal mognitude at the crown and invert. Fig. 12 Strains (d/t 250)

459



SOIL-STRUCTURE INTERACTION

At the springline, displacements were outward and
equal in magnitude to about one-half of those at the
crown. The movements along radii inclined 450 above 0.2 ...--
and below the horizontal were both inward and equal in +
magnitude to about one-quarter of those at the crown.The cylinder at the shallower cover assumed a

high-order mode, at least near the crown. This is moani- o0fested by the fact that the inward movement at the crown t 2

was greater, while the inward movement along a tadius \2
inclined 450 above the horizontal was less, than the -correýsponding deflections in the deeply buried cylinder. - \ ,

At the springline, the inward displacement at shallovw
burial was about equal in magnitude to the outward 0. \ \
displacement at deep burial. Furthermore, this inward \0I
displacement increased still more when c/,! was reduced 450 \
from 1/2 to 1/4 (igure l1c). On ,radius inclined 450 / \
below the horizontal, the inward displacement was very
large, txceeding the corresponding value at Jeep burial 450 / / /by a factxr of more than six. The displacement was,
curiously, cutward at the invert. The reason for this is -// .d
not undersood. With the exception of this outward 1--3/4
reading at the invert, all other displacement gauges 2--1/2
recorded an inward movement of the cylinder at shallow /
burial.

Comparison of Stiff and Flexible, Instrumented Clinders
In spite of a lack of experimental data for the / 7

more flexible cylinder at small c/d values, a comparison
between cylinders of both stiffnesses shows many simil- 2
arities aOIJ some differences.

The deflected shapes of both cylinders for
different conditions of burial are shown on the same
diagrams in Figure 14. The data in both diagrams Fig. 13 Normalized Radial Displacement
correspond to the same overpressure of 50 psi. at 50 psi Overpressure (c/t = 250)

Figure 14a ,hows the displacements at a c/d
value of 3/2. Both cylinders deflected outward about an equal amount at the springline. However, It is seen that the
more flexible cylinder assumed a "flatter" shape, indicating a higher level of distress.

When c/d was reduced to 1/2 (Figure 14b), the stiffer cylinder showed little change. But the level of distress
in the more flexible cylinder became much greater. The inward deflection at the crown Increased; the outward deflection
at the springline (c/d = 3/2) gave way to an Inward deflection of about the some magnitude; and a very large inward
deflection took place on a radius inclined 450 below the horizontal. Allusion has already been mode to the outward
movement of this cylinder (c/d - 1/2) at the Invert. It probably would hove little effect on the resistance of the upper
portion of the cylinder to snap-through.

The deflected shapes in Figure 14b portray the different kinds of behavior at the springline for the two cylinders
at the same overpressure and depth of burial.

A con~arit3n between the behavior of the two cylinders at nearly the same multiple of their respective theoretical
in-air primary buckli& pressures can be made by comparing the response of the stiffer cylinder (dst - 114) at 140 psi over-
pressure (9.4 p he response of the more flexible one (d/t a 250) at 10 pi ovepressure (7.1 per). From Figures 4a and
I la it can be see,. that tie inward movement at the crown in the stiffer cylinder is several time greater than the cones-
ponding movement in the more flexible one. The some is tre of the Inward movement o. a radius inclined 450 above the
horizontal (Figures 4b and I1b) and the outward movement at the springline (Figures 4c and I1c).

For the nmo rigid cylinder (d/t 114), the fint indication of a significant change in behavior as the cover was
reduced was provided by displacement gouge 2 (Figure 4b). This gouge was Inclined 450 above the horizontal. The
change In behavior took place when c/d equaled 1/2 for oil overremure levels.

The displacement and tstoin gauges at the crown olso exhibited a change in output a the cover was reduced
(Figures 4 and 5). The ;/d values at which these changes occuned wore not always well deflned; however, the greater
thw ovespresue, the greater this c/d value. These c/d values separate zones of shallow and deep burial. The phenomenon
is best illustrated by the displacements (Figure 4a), the strains on the exterior surfoce (Figure 5b), and the flexural com-
ponent of strain (Figure 5d). A c/d value of 1/2 Is again asociat with the minimum value for deep burial at 140 psi
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overpressure. Whether this value increases at higher overpressur. levels Is, considering the availabl, data, subject to
conjecture. No cuive separating deep from shallow burial is evident from the strains on the interior surface (Figure So),
probably because these strains represent the superposition of two con�nents of unlike sign.

It is not possible from available data to delineate zones of deep and shal low burial for the more flexible cylinder
(4,1 250). However, this cylinder exhibited changes in behavior at depths greater than the c/d value oF 1/2 associated
with the mare rigid cylinder. The curves of displacements at the springline and invert break sharply at a c/d value of
3/4 (Figures lIc and lie).

Destructive Tests, Non-Instrumented Cylinden
Table 1 presents the results of the Ju.. 'tive tests on non-instrumented cylinden. It shows the six convenient

4/t values selected for testing, the theoretical in-air primm)' buckling presaae (p r) of each, and the experimental
collapse averpressure ot three c/d values. The experimental values we also stateJ in multiples of �cr* Within the
maximum available overpressure (160 psi), only four cylinders could be collapsed even at zero cover, and r�t even the
most flexible corn Id be collapsed when c/d exceeded I/B. The maximum overpressure was 470 times the theoretical in-air
primary buckling presawe of the mast flexible cylinder.



SOIL-STRUCTURE INTERACTION

Table 1

Re.ults of Destructive Tests

Theoretical In-Air Experimental Collape Overpressure (psi)

Primary Buckling E_____a Co__ ap_ e Oerpressre (ps_)

Cylinder Stiffness Pressure, 3
(d/)cr A 2)(•) c!d - zero c/d 1 1/16 c/d - 1/8 'd - 1/4

(psi)

400 0.34 12 (35 per) 42 (124 pcr) 90 (265 per) --

333 0.59 18 (31 pcr) 84 (142 pcr) 152 (257 pcr) --

250 1.41 28 (20 pcr) 11,2 (94 Pcr) 137 (97 pcr)

200 2.75 40 (15 Pcr) 140 (51 pcr.

160 5.37 ......

It is not possible to determine from the small amount of data available if zones of shallow burial and deep burial

for cylinders of various stiffnesses can be established from destructive tests.

It is worthy of note that in the stiffer instrumented cylinder (4/t = 114), very large strains were recorded at the

crown at 100 psi overpressure and zero cover (Figure 5b). Yet collapse could not be induced at 160 psi overpressure and

the same condition of burial.

CONCLUSIONS

The following conclusions ore drawn from the results of this experimental investigation:

1. The increase in the resistance to collapse of cylinders by burial in dense sand was demonstrated. Ti P

existence of very large strains does not imply the imminence of collapse.

2. The overpressure required to couse collapse, as measured in destructive tests over a very small range

in depth of burial, increased with the depth of burial. Collapse occurred by snap-thmugh at the

crown.

3. The ratio of the overpressure required to cause collapse at any depth to the theoretical in-air primary

buckling pressure varied inversely with stiffness.

4. Two zones of burial were defined by the variations in the magnitudes of the displocements and strain'

*t the crown of the stiff", Instrumented cylinder. In the first zone (shallow burial), the displacements

and strains were highly sensitive to small changes In depth of burial. In th second zone (deep burial),

the displacemints and strains were Insensitive to changes in depth of burial. The minimum depth re-

quired for deep burial increased with the overpressure.

5. The deflected shape asluued b) a buried cylinder depends on its stiffness and tone of burial. Deeply

buried, instrumiented cylinders of both stiffnemses deformed into low-wde modes. At shallow burial,

the mor rigid, instrumentecd cylinder assumed a high-order mode in the vicinity of the crown. Again

at shallow burial, the mar flexible, intstumented cylinder experieoced inword radial displacements

at the springline.
6. The direct compressive strains were uniform around the mare rigid, instrumented cylinder at dee

burial.

7. For the more rigid cýlinoer t effect of arching, as reflected by the direct cofressive strains at

the pi. gline, did rot vary significantly with depth in the range of overpresurt employed.

8. Local buckling of the w flexible cylinder mrsulted in spurious strain data.
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RESPON.E OF BURIED STRUCTURAL MODELS TO
STATIC AND DYNAMIC OVERPRESSURES

by
R. L. Marino, Jr.* and W. F. Riley"

ABS rRACT

This research proorar,-. was conducted to determiiii the behavior of a number of simple structural models while
buried in a so;l medium which % % subjected to static and dynamic overpressures. During the course of the program,
studies were conducted on four c> ýindricl shell models. Three models had hemispherical end closures and diameter-
thickness ratios ,D/t) of 40, 90, cne 160. The oic.. - mc (D/t -, 80) had an end closure system which could not transm;t
load to the sheI. Al[ of the worL- discý "ed was conducted using a dry cohesionless soil medium of uniformly graded
silica sand (Ottawa sand). For each moel a complete analysis was made of the central transverse plane of the shell.
Conclusions are drawn regavding the influences of model stiffness, overpressure level, rate of loading, and end closure
system on the hoop and longitudinal membrane forces and bending rumeits in the sheils.

INTRODUCTION

The research program described in this paper was conducted to determine +he behavior of a number of simple
structural models while buried in a soil medium which wus subjected to static und dynamic overpressures. The behavior
of such a structure is great'y influenced by the pressure distribution on the interface between the structure andJ the soil.
Part of this interfacial pressure is developed as a result of the soil overpressure plus the weight of the soil overburden which
acts directly on the buried structure. This component of the interfacial pressure is commonly referred to as primary soil
pressure.

Another compone,-t of the interfacial pressuie is developed as a result of the deformation of the buriedstructure
and ;s commonly called :ecko:ary soil pressure. If the walls of a buried structure are displaced outwardly, the surrounding
soil is compressea and "s " reactions" are developed which are proportional to the amount of displacement. These "soil
• ".ictions" are particularly he'prul in supporting some specific types of buried structures such as cylindrical shells. In
this case, +hey act -, keep the shell in a circular shape by resisting the outward displacement of the side walls. On the
other hand, :f the , ills ar goof of a buried structure are displaced inwardly, the primary soil pressure producing the de-
flection is transferre6 irom the flexible structure to the surrounding soil. This phenomenon is commonly referred to as
"arching. " In t'. s case, the secondary soil! pressure can be considered to be a negative or outward "soil reaction" since
it has the same effect as reducing the primary soil pressure. Since these "soil reactions" are produced by the displace-
ment at the walls or roof of th3 structure, the resulting interfacial pressure distribution depends largely on the stiffness of
C.et buried structure relat;ve to the surrounding soil.

In an attempt to gain a clearer understanding of the interaction phenomenon- on buried structures, the major
efforts of this research program were directed towards determining the influence of:

I) the magnitude of the soil ovzrpre~sire
2) the model stiffness
3) the end closure system, and
4) the rate of loading

on the behavior of cylindrical shell structures buried in a dry cohesionless soil medium of uniformly giaded silica sand
(Ottawa sand) In addition, attempts were mde to evaluate the experimentai procedures and techniques currently employed
in the investigation of buried structures.

EXPEPIMENTAL METHODS AND PROCEDURES

M.,cdels. - During the course of the program four different cyiindricol shell models were studied. The significant dimensions
of each ore ,;%ued irv the following table.

The cylindrical parts of all models were manufctured from cold drawn seamless steel tubing to tolerances of
. 0002 inch. This degree of accuracy was considered essential to eliminate any influence of nonuniformitf of wall
thickness or o..;-of-rov."drness i:c the cylinders on the overill behavior of the mcdels under load. The end closures were

'" Research !-%,TeerliT Research Institute, C hicago, Illinois.
"Science Advisor, lIT Research Inrtiktte, Chicago, Illinois.
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Table I. Cylindrical Shell Model Dimensiois

Model Overall Diameter Wall D/t Flexural End
No. Length Thickness Ratio Rigidity Closure.

in. in. in. 3

I2(1- V")

i5 5 3. 124 40 5240 Hemispherical

2 15 0 062 80 655 Hemispherical

.5 15 5 0.031 160 82 Hemispherical

4 18 5 0.062 80 655 Special*
*The end closure system on this model was not attached to the cylindrical shell. It was

designed: a) to ?liminate longitudinal membrane forces and longitudinal bending moments
in the wuls at the ends of the cylindrical shell, and b) to allow the end transverse cross
sections of the cylindrical shell to deform freely.

machined to the same dimensinol tolerances as the shells. Adhesive (Eastman ?10 Cement) joints were used in assembling
the models to avoid the high localized temperatures associated with welding or brazing which could damage the strain
gouges and warp the thin shells. A stepped lap joint was used since it provided a positive seating arrangement.

Instrumentation
Electrical resistance foil strain gouges and linear variable differential transformers were employed to determine

the response of the buried models. The foil gauges recorded the strains in the structural model while the differential
transformerm recorded horizontal and vertical diameter changes of the cylindrical shell.

"Two-gouge" strain rosettes (Budd Type C6-121-R2C) having a one-eighth inch gauge length were placed at a
numb6.r of locations on the inside and outside surfaces of all models as shown in Figure I. The gauges were aligned so that
one recorded the strain in the hoop direction while the other recorded the strain in the longitudinal or meridlonal direction.
On the outside surface of the model, the gauges were covered with a thin epoxy film to protect +he foil grid from scratches
and moisture.

Miniature displacement transducers of the differential transformer t, pe with built-in carrier systems were
employed for measuring diameter chonges in the cylindrical shells under load. These transducers (Sandborn Model 7 DCDT)
require 6 volts d.c. excitation cn'd provide a d.c. output which can be read on a d.c. indicator. The cutput is linearly
proportional to the core movement within tfie rated displacement range (+ 0.050 in.) of the transducers.

In the statis studies the output signals from the ';train gauges were recorded with a Baldwin Model 20 strain
indicator and suitable switching boxes. The outputs from the differential transformers were recorded with a vacuum tube
mil Ii-voltmeter,

In the dynamic studies Comnolidated Electrodynamics Corporation type 5-124 oscillogrophs equipped with
7-363 galvanometers znd Video Instruments type 93 amplifiers were used to record the output signals from the strain gauge
bridges. An AmpeA Model AR-200 magnetic tape recorder was used to record the dynamic signals from a Kistler pressure
gauge in the watur chamber and the differential tra,"!formers in the model.

Three Tektronix lype 502 dual beam oscilloscopes equipped with C-12 polaroid cameras were also used in the
dynamic st-dies to obtain a "quick-look" at signals from selected transducers.

Soil Facility
"I&Fe soil facility used for thd study was bkilt around n 48 in. diamets.r cylindrical tank approximately 6 ft deep.

Fo most of the static studies a flat removable head was used as the top closure (see Figure 2). Nitrogen gas was used to
apply overpressuives to the soil. A rubber diaphragm placed on the top. suirface of the soil prevented the Nitrogen gas from
entering the soil pores.

For the dynamic studies a con~cril water chamber and a cylindrical gas chamber were added to the soil tank as
shownin Fi~ure 3. The flexIble rubber diaphragm was again used to separate the water from the soil and in addition a
thir steet diaphragm was used io separate the water from the pressurized gas in the upper chamber. In order to apply a
dynamic load to the surface of the soil, the gas chamber was first pressurized to the volue necessary to produce the desired
magnitude of soil overpressure, Whis chamber pressure had to be greater than the desired steady-state soil pressure because
oa the volume exponsion of tWe pressurized gas which occurred as the pressurized 'gas filled the initial air space in the
water chamber, This air space was further increased by the overall compression of the soil and water. The thickness of
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Fig. I One of the Cylindrical Shell Models With Hemispherical Heads

the steel diaphragm was elected to safely retain the chamber pressure. In order to release this pressure, the diaphragm
was ruptured by detonating a small charge of primacord with a blasting cap. This cction resulted in a rapid transfer of
pressure to the water which served to transmit and distribute the dynamic pressure pulse uniformly across the soil area.
The f,,;lity has the capability of generating a pulse of up to 500 psi peak pressure with a rise time of approximately 6
milliseconds.

Soil Placement
In order to obtain meaningful resulls from the studies of the buried structures, it was imperative that the

properties of the soil be held constant for all investigations. Since most of the significant properties of a uniformly
graded dry silica sand are related to its density, all of the placement efforts in this program were directed toward con-
trolling this one parameter.

One of the commonly used methods for compacting large masses of cohesionless material utilizes vibration
techniques. In all of the studies, two small protable vibrators ordinarily used in the placement of concrete were employed
to compact the soil.

The sand was placed in six inch layers in the soil facility. It was poured into the vessel in a loose state and
each layer in succession was compacted by inserting the vibrator probes into the sand bed at a total of approximately 6
locationr The rotating eccentric weights in the probes imposed a forced vibration on the soil and the desired degree of
compaction was definel as that density which existed when resonance occurred in the soil mass. This condition was
immediately evidert since the forced vibrations could be felt in the walls of the soil facility. The vibrator probes were
then removed and another six inch layer of loose sand was added. This procedure was continued until the vessel was
completely filled.
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Fig. 2 Equipment Employed For Applying Pressure and For Recording
the Behavior of the Buried Model

A small scoop with a known volume was used for making density measurements. These readings were taken at
five positions on the top surface of the sand bed after it had been leveled following the final vibration. These oensity
measurements gave readings in the range of 106 Ibs/ft 3 to 109 Ibs/ft 3 for all studies. When the head of the soil facility
was removed after each model investigation, surface density measurements were again taken. It was found that the density
of the soil in this final state usually increased by less than I Ib/ft 3 . These final readings were normally in the range
between 107 lbs/ft3 to 110 Ibs/ft 3 for all studies.

Model Placement
Because of the importance of correctly positioning the model in the soil media, the special fixture shown in

Figure 4 was designed for holding it in the proper orientation during the placement operation, This fixture consisted of a
4 in. box beam which spanned the tank and a frame having a top and bottom plate connected by three rods. A template
in the form of a 90 segment of a circle and having the same radius of curvature as the cylindrical shell was attached to
each end of the bottom plate. These templates held the model in the proper position while it was being buried. By
correctly spacing the top and bottom plates, the depth of burial could be accurately controlled.

After the soil facility hod been filled and compacted to a level slightly below the desired level of the invert
of the cylindrical shell, the model placement fixture was set for the proper depth of the burial. The 4 in. square box
beam was then positioned over the open end of the soil facility and the top plate of the placement fixture was attached
to it by means of a standard "C" clamp. The model was held in position by hand against the templates on the 6ottom plate
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Fig. 3 Soil Facility and Instrumentation Used For Loading and Recording The
Behavior of a Buried Model in The Dynamic Studies

of the fixture and the box beam was moved so as to position the center of the model at the exact center of the soil
facility. The beam was then locked to the top flange of the soil facility by means of other "C" clamps. After this
positioning operation, the model was ready for burial. Loose sand was placed in the soil vessel up to the level of the
mid-depth of the model and then vibrated with the model still held in place by the fixture. The next step involved adding
another layer of sand so as to bring the level of the soil surface up to the crown of the cylindrical shell. This layer was
also vibrated. The model was now completely buried in compacted sand and the placement fixture was removed. Exactly
the same procedure as was previously described was used to place the remaining sand in the soil tank.

To insure a soil density which was uniform to the top of the soil bed, the final sand layer was piled above the
rim of t0 e soil vessel and then vibrated. A level surface, even with the rim, was struck off by using a structural angle
supported on the flange of the vesselI

Exactly the same burial procedure was followed for each of the structural models. They were fint placed in
the soil with their LVDT% along the horizontal and vertical diameters. In this initial orientation, the strain gouges also
occurred at positions on the hocizontol and vertical diameters and at 450 to them

In order to determine the strains and diameter changes at locations other than the 0°. 450. and 90° lines
associated with the initial orientation, the models were also placed in the soil in a +20 o , .300- and -30e orientation.
These angles were measured between the initial or;entat;oe of the norizontal (vertical) LVDT and each new position of the
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Fig. 4 The box Beom And Fixture Used In Positioning The Model

LVDT. Positive angles represent a counmterclockwise rotation of the model about its longitudinal axis and negative angles
represent a clockcwise rotation looking t~owrd the end of the model which had the access Woe for the lead wiles. by
also placing the model of a -45 0 and a .90 orientation, adequate checks on the reproducibility of "h strains from one
burial to the next wore obtained.
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TEST PROCEDURES

Before the structural models with hemispherical heads were 'xuried, they were first subjected to an external
hydrostatic pressure. This hydrostatic pressure was applied and released about twenty times and strain readings were taken
during the cycling operation. This preliminary loading served several functions among which were:

I) to check the strain gauges to ensure that all gauges were reading correctly before the model was buried
in soil,

2) to cycle the strain gauges to guarantee obtaining a reproducible signal for a given strain magnitude, end
3) to check the efficiency of the bonded closure joint.

The checks of items I) and 3) were accomplished by comparing measured strains with theoretical strains computed for a
cylindrical shell with hemispherical heads subjected to on external hydrostatic pressure. Using this procedure, several of the
strain gauges were found to be improperly bonded but in no case was the bonded head joint found to be unreliable.

When the hydrostatic pressure check was completed, the first structural model was placed in the soil facility
and a complete set of strain gauge and LVDT readings were taken before the model was buried. These readings corresponded
to the initial or unstrained condition of the structural model. The soil facility was then filled, completely burying the
model, and another set of strain gauge and LVDT readings was token. It was found that the wcight of the so;: produced:

I) a change in horizontal diameter that was equal to only 1% of the corresponding change due to a 100 psi

overpressure,
2) a change in vertical diameter that was equal to only 3% of the corresponding change due to a 100 psi

overpressure, and
3) strains of the order of magnitude which could not be accurately resolved with the strain indicating equipment

used for the study. These measured strains were of the order of magiitude of 10 f" in./in. which -s equivalert to only
300 psi in steel in a uniaxiol stress field. As this lower limit of strain sensing is approached, apparent strain due to thermal
and electronic drift are of the same order of magnitude as the real strain and these apparent strains obscure the true be-
havior of the model.
The strains due to the weight of the soil were therefore neglected in the study and the readings taken on the completely
buried model were assumed to be the "zero" strair readings.

Preliminary investigations conducted during the early stages of the program showed that the strain readings
and the deflection readings were not reproducible for the first three or four cycles of load. This was attributed to two
facts: a) the stress-strain curve for Ottawa sand is not reproducible for the initial three of four cycles of load and
b) before any opplication of load there was probably a slight difference in density between the sand in the immediate
proximity of the model and the sand in the remainder of the soil facility. As successive cycles of load were applied,
however, a relatively uniform condition was iinally reached after about four cycles. Figure 5 shows the vertical and
horizontal diameter changes vs. the applied overpressure for one of the models for the first six load cycles. This graph
gives some indication of the reproducibility of the model deformations which occurred for successive applications of load.
The majority of the strain readings after four or five cycles were reproducible within + 20 )A in./in. The maximum strains
occ•,rring in each of the models under the maximum overpressure were of the order of magnitude of 800 to 1200 AL in./in.

After the preliminary cycling operation, static pressure was applied in 100 psi increments over the range from
0 to 400 psi except for the moael with a Dit of 160. The maximum pressure for this model was limited to 300 psi to keep
the strains below the yield point of the model material. All of the strain gouges and the LVDTs were read at zero pressure
and also -it each 100 psi increment When the readings had all been recorded at the maximum overpressure, the load was
released and another set of zero load readings was taken. It was possible to take all of the measurements for one complete
load cycle within u time interval of approximately 90 minutes. In mot cases the amount of drift which occurred during
this time interval was negligible The data used foo analysis was recorded during the fifth and sixth load cycles in all of
the stawic studies.

For the dynao'ic studies, a pressure pulse was applied to the surface of the soil. The conical shaped transition
section connecting the cylindrical pressure chamber to the vessel containing the soil was first filled with water to a level
approximately 6 inches below the 0 030 inch thick steel diaphragm This 6 inch air space allowed the diaporagm to de-
form freely without contacting the water a' the gos chombtr was pressurized.

In order to rapidly release the pressure in the chamber and transfer it to the surface of the soil, the diaphragm
was ruptured by detonating four 6 inch lengths of 25 grain primocord. The electrical pulbe used to trigger this explosive

alto served to trigger the oscilloscope traces employed in recording some of the sign.ols from the model. All other instru-
mentation used for recording the model behavior was manually started before the eoplosive was triggered.

All of the pressure records indicate that a chamber pressure of 200 psi will ptoduce a dynamic soil overpressure
ihich reaches a peak value of about 320 psi in approxinvotel! 7 msec. A steady state value of 150 psi is maintained after

I00 msec
Goth static and dynamic studies were conducted for each model burial so that a more meaningful comparison

Lould be made between thl behaoior of a buried model under a dynamic soil overpressure and the b•hovior of the moel
under a stotic soil overpressure of the some magnitude Four or five %.ycles of static verpress&e was first applied to tha
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Fig. 5 Diameter Change On The Central Transverse Cross Section of The Cylindrical
Shell Model With Hemispherical Heads (D0/ . 40) As A Function of Soil (Ottawa
Sand) Overprmsure

%oil and a set of model deformation readings was then obtained for o static soil overpressure of the some magnitude as the
peak dynamic pressure After these static readings hod been recorded, the dynamic stdy was then conducted.

RESULTS

Static Studies
"S;rce the central transverse plane of the cylinrhical shell models was a plane of symmetry, the hoop and

longitudinal streues computed from the measured strains were also principal stresses. This made it pas;ble to compute
the longitudinal nd Shoop membrane force and "• longitudinal and hoop bending moment per inch of circumference
directly from the longitudinal an-4 hoop stresses on the ifaide and outside supfacet of the shell These quantities weat
cofiputed flo each model at each 100 psi level of static soil ovevpreutre Diameter changes were also measuced at the
central transverse plane of the zyl-ncdrical shells as a fnctian of t4w angulat position of the measured diameter for each
100 psi letel of soi; overpre-.ure
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The cylindrical shell model with hemispherical heads having a D/t ratio of 40 had the greatest rigidity of all
the models investigated. Measurements taken of the horizontal and vertical diameter changes were previously shown
in Figure 5 as a function of the soil overpressure for a number of the load cycles applied to this model.

The hoop membrane force was computed for each 100 psi soil overpressure at the gauge positions for all
orientations of the model having a D/t of 40. The values for the 400 psi soil overpressure ore plotted in Figure 6 on only
one side of the vertical axis since it is an axis of symmetry A curve that best fitted these points was drawn and this
"averaging curve" was later used on other graphs to represent the distribution of the hoop membrane force for a model with
D/t of 40 buried in dense Ottawa sand and subjected to a 400 psi soil overpressure.

Exactly the same procedure was employed to obtain the distribution of the hoop membrane force at the 300 psi,
200 psi, and 100 psi values of overpressure. Similar distribution curves were drawn for the longitudinal and hoop mem-
brane force and bending moment for each model at every 100 psi increment of soil overpressure.
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Fig 6 Distribution Of The Hoop Membrone Force At The Centtol Transverse

Cross Section Of the Cylindricol 5hel1 Model Wdth Hemiipherical Heads

(D0s - 40) For A Sodl (C~ttwo Sand) Overpres,'e Of 400 psi

Typical eicamples of th other "averogifng" distribution curves for tse modetl with a Oft rclio of 40 -'ppeor in

Figures 7 to 9 These figutes (6 to 9) ser'il to show th, am~ount of exp~erimet'il dato "sCottltr" that occurretd with the
model .n the vaeious rotational or;,mtotiomu Experimerntal points at the 0O. 450, and 90° paitions c€|c i lluslttoteth

reproducibility thot was obtainedl for succeglive burials of th model

Typical exompdes of the influence of he maegnitude of th# so.I overpreswune on th~e behavior of a model ore
illustrated in Figures tO to 14.

The diameter changes for the cylincricol sh-l| model with hemisphe;iol h•eads (D/t ,, 60) os a function of thle
ongulor position of the measured diameter at each 100 psi of soIl overpresw~re are plotted in Figure (0. The "oveqragirg"

curves for the distribution of hoop membrane for ce for the some modetl (D/t 6 0) at each 100 psi increment @4 soil over-

pressure ore shown in Figure I1. "Averoging' curves givingthe• distribution of hoop beidng momsi,., longih~dirsl mm-
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rane force and Ionigitvdinal bending moment for ec..kh 100 psi overpretssir are presented in Figure 12, •3, antd 14 respec-
tively

Figure IS ,hw the hoop memdbrane force ot 'he springing irne of each model at a function of the st.,tic soil

0v940 
L 949*0*

The dishebution of the hoop membrane force for eo~h of the cylnincar€l shell modelst o130 pi• so;i ovrqetssre
ore |olc•Fted 10oethr fOr comearisn p•1poe' in Figure 16. Simitor comparison, of te dtribut~on for the vorCoe,; modSele
of hoop bending moment, Iongivdnol membrane force, and loggitvdudil bending moment 1re mpede in .rgu2,ren 17, I8+ are
19 retsectivel,

Dynamic $tvd~esThe dsynomc to ofhich hopve e evaluted to doe ho..e been limited to the cylinndrico shell model iwth
emislperico l hoeds hvfio g o D/t roao of dO A comparison is mode iin Figure 21 between the distiibu(iorth ot hmod

oembotne force renditing mmen, l staic ndd a dywomic aolrccotaon ni toil obendngmrem In Figure mode ine higu 17,18rone

force 0 te srwinging line is plotted as a function of the soil overp=essre The theoretical value obtained by multiplying
the o*lied overpre•um by the proiected area of one-half the model is shown togethO, with the expeli%.entol values

ob4ained from both the ssatic and dynamic stidir. Figure 22 shows the dttrfibution of the hoop bervJ;ng moment rtesvi-g
from a static and dynamic loaaing
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NHOOP MEMBRANE COMPRESSION (LSS./IN.)
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Fig II Distributien Of The Hoop Membrane Force At The Central Transverse Cross Section Of The

Cylindrical Shell Model With Hemispherical Heads (D/t = 80) For Four Different Levels Of
Soil (Ottawa Sr, nd) Overpressure

Summary
Tbole II is presented in order to more clearly illustrate the influence of the magnitude of the soil overpressure

on the behavior of a cylindrical shell model with nm end restraints. This table gives the increase in the value of certain
structuro! functions for each 100 psi load increment as a percentage of the val'je of the structural function that existed at
the ir'tial 100 psi inc.ement.

Tables Ill, IV, and V are presented to show respectively, the influence of the model stiffness, the end closure

system and the rate of loading.

CONCLUSIONS

The main objective of this research program were directed towards deternmining the influence of:
I) the magnitude of the soil ovelpressure,

2) the model stiffness,
3) the end closure system, and
4) the rnt-T of loading

on the behavior of cylindrica! sheli ittuctures buried in Ottawa sand. Each of these factors will be discu'ssed in turn.

476



ANALYitCAL AND EXPERIMENTA! STUOIES, II

ht0 S•)I llhgtgI uO•MINYII.-ugI.IIjI.

"2.•' 00 rSI IO

• ---- so* 9111i , "-

406 PSI 8I

SIGN CONVENTION POR

O|itICTION Or HGOP
SENOINO MOMENT

INVENRTt

Fig. 12 Distributioon of the Hoop Bending Moment at the Central Transverse Cross Section of the
Cylindric*al Shell Model with Hemispherical Heads (D/t 80) for Four Different Levels
of Soil (Ottawai Sand) Overpressure

*S0Oj I 0
20 600 SPRINGING CROWN

.+ $O0

a,• 90*

e ~+ 400-
S- ÷ 40 - • SPRtINGING

lot,*
" • + 't OO45 " i ~ IN VC[R T .- l1 0

+- 00OO 1804

45,. 09 0.u

of IGO,

a 1200 . . tO S

2 -400 NIV(T••• 0 ~
LEGEND

SOIL OVERPRESSURE
S- too PSI

-I400 ....]400 PSI

Fig. 13 Distributions oa the Longitudinal Membrane Force at the Central Transverse Cross
Section of the Cylindrical Shell Model with Hemispherical Heads (D/t = 80) for
Four Different Levels of Soil (Ottawa Sand) Overpressure

477



SOIL STRUCTURE !NTERACTION

The hoop membrane force at the springing of the cylindrical shell is a good measure of the amount of "arching"
that takes place over the model since by vertical equilibrium this quantity actually shows the overpressure transmitted
through the soil to the model. Figure 15 shots the hoop membrane force at the springing to be reasonably linear with
increasing soil overpressure. It also shows that for all models this hoop membrane force is less than the theoretical value
obtained by multiplying the applied overpressure by the projected area of one-half of the model. This indicates that
part of the overpressure is borne by the surrounding soil but the percentage of the soil overpressure that the model accepts
's independent of the magnitude of the overpressure. The amount of hoop bending of the cylindrical shell on the other
hand is greatly influenced by increases in soil overpressure. Table II shows that the changes in diameter and the hoop
bending moment are not linear functions of the soil overpressure. The initial 100 psi of load produces the greatest change
and after this the change becomes less for successive 100 psi increments. This nonlinear behavior is attributed to the in-
creased lateral (horizontal) support which occurs at the springing as the surrounding soil by virtue of its stiffness acts to
oppose the increase in horizontal diameter as the cylindrical shell deforms under load. The stiffness of the soil also be-
comes greater with increased load and this adds further to the lateral (horizontal) soil reaction.

Figure 16 and Table III show the similarity of the hoop membrane force distributions for all of the models at
300 psi overpressure. This similarity was also observed at the 100 psi, 200 psi, and 400 psi overpressures which seems to
indicate that the hoop membrane force of the cylindrical shell is essentially independent of the model stiffness.

Figure 17 shows that the hoop bending moment is not significantly influenp,ýP- b) the model stiffness for the
models with a D/t ratio greater than 80. It can also be seen that the nagnitudes of the hoop bending mc..rents are rela-
tively small as compared with the values which are developed in the model with a D/t ratio of 40. This phenomenon seems
to indicate that all cylindrical shells up to a given value of wall rigidity will deform sufficiently under load to allow a
lateral (horizontal) support to develop at the springing which acts to -educe the bending in the cylinder. This lateral
force is developed as the surrounding soil acts tooppose the increase in horizontal diameter of the shell. As the flexural
rigidity of the cylinder is increased, the model will deform less under load and the resistance to deformation must be
taken more by the shell itself in the form of hoop bending moments.

Table IV shows a comparison between the cylindrical shell models with D,/t ratios of 80 both with hemispherical
end closures and with no end restraints. It can be seen that the behavior of the cylindrical shell model with hemispherical
heads is very similar to the behavior of a cylindrical shell model with no end restraints with one notable exception. The
distributions of the longitudinal membrane force which are further illustrated in Figure 18 are completely different for the
two models. The curves of Figure 18 show:

a) there is an overall longitudinal bending of the cylindrical shell with no end restrains which tends to produce
longitudinal compressive forces at the crown and tensile forces at the invert,

b) there is no tensile membrane force at the invert for the model with hemispherical heads. This can be
attributed to the end thrust transferred to the cylindrical shell by the hemispherical heads,

c) the tension which occurs at the springing for the model with heads does not occur in the model without
heads. The exact nature of the action producing this force can not be readily explained at this time. It is believed that
these tensile forces are developed as the hemispherical heads try to maintain the shell in a circular shape and act to re-
sist any horizontal change in diameter.

Table V shows that the greatest variation between the static and dynon.ic results occurs for the hoop membrane
force at the springing where the dynamic value is 54% greater than the static value. It appears that the rapid (7 msec)
application of overpressure does not allow the soil suffic~ent time to develop arching over the model. This is further
illustrated in Figure 21 which shows that the load transmitted to the model, rather than being reduced as in the static case,
is actually greater than the value of the overpressure multiplied by the projected area of one-half the model. This seems
to indicate that load is transferred onto the model from the surrounding soil.
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Table III

INFLUENCE OF THE MODEL STIFFN•SS

Ccntlal Transverse Cross Section oi
Cylindrical Shell Models with

Hem"apherical Heads

Siatic Soil Overprefsure v 300 psi

Structural Function Cylindrical Shell Models with Hemiepherical Heads

of Cylindrical D~th-- 8 DA = 160 D7F 40
Shell Model i" t S= 2t -S4

ZoI TZU7 7  82 2

Value Value Di•ierence as Value Difference as
of of a Percentage I of a Percentage

Function Function of the Value Function ox the Value
for the Model for the Model

cwith D/t = 80 with D/t z 80

tal Diameter 0. 04 0.026 + 8.5% 0.0zz - 8.5%
(inches) I

Decrease in Vertical1

Diameter 0.031 h 0.040 +29.0% 0.026 -16.0%
(inches)

Hoop Membrane Force,'

at Springing -680 -7ZO 6.0% -64C 6.0%
(Ibs/in.) Ii

Hoop Membrane Forcek
at Crown -SZO-500 - 4.0% -480 -. 0%

(lbs/in.)

Hoop Membrane Force!J
at lnvert i' -470 -440 -6.0% -400 .15.0%

(lbs /in. I

Hoop Bending Moment i
at Springing I - a -60.0% )c - 3+ S00.0%

(in-lbs/irn.)

Foop Bending Moment 4 5 1 -I0..0% 34 *SO 0%
at Crown

(in-lbe/. n.)

Hloop Bending Moment
at Invert 4 5 4 1 -S0. 0% 4 35 +600.0%

(in.lbein.)
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INTERACTION BETWEEN A SAND AND CYLINDRICAL
SHL.LS UNDER STATIC AND DYNAMIC LOADING

by
John Thomas Hanley*

ABSTRACT

A series of fourteen static and twelve dynomic tests were conducted on three cylindrical shells ;n a fine, dry, sand.
Each fo~r-;nch diameter shell (pipe) was placed in the center of a cylinclical container approximately two feet in dia-
meter and two feet in depth; the axis of the pipe being coincident with the axis of the container. The pipe was then
surrounded by the sand, which was compacted in six-inch layers up to the top of the container. A neoprene diaphragm was
placed on top of the soil sample to prevent gas penetration into the soil. A uniformly distributed gas pressure was then
applied to the surface of the soil sample and to the capped end of the pipe (top) both statically and dynamically to simulate
loading by a plane shock wave traveling in a direction normal to the surface of the soil.

Measurements were mode of the gas pressure near the surface of the soil, of the vertical pressure at various depths
in the soil and of the vertical and circomferential strains in the pipes at three depths; four, ten ant4 sixteen inches below
the surface. Calculations were then mode of the effective lateral pressure at the soil-structure interface at the three
gouge depths and of the magnitude and direction of the shear acting between the gouge lines at that interface. Using the
calculated lateral pressures and vertical soil pressures obtained from soil pressure gauge measurements, the ratios of the
former to the latter (Kf) were calculated for both static and dynamic tests for two depths; four and sixteen inches below
the surface.

Under static load, at four inches below the surface the value of Kf increased with applied load from about 0.5 to
about 0.6. These relatively high values of Kf are believed to be caused by the depression of the surface of the soil around
the top of the pipe. At a depth of sixteen inches the value of Kf increased from about 0.3 to about 0.4.

From the dynamic tests, it appeared that initially the soil was behaving much as a viscous fluid at a depth of four
inches. The computed value of Kf at four inches was about 1.0 at four milhiseconds. With increasing time, the value of
Kf at that depth decreased to about 0.7. However, at a depth of sixteen inches, the value of Kf ;ncreased slig-tly with
time, the average value being about 0.45.

As a conoequence of the transfer of load from the so, to the structure under both static and dynamic loading, the
circumferential strains in the shells %ere tensile rather than compressive at a depth of sixteen inches. This behavior may
be predicted for large cylindrical shells in soil with similar foundation conditions and under similar loading conditions.

It was apparent fvom'ho row data obtained, and shew calculations conftrmed, that ahead of the sitess wave in the
soil the shells moved down with ronpect to the soil under dynamic load. This behavior was predicted and was caused by the
high velocity of stress propagation in the si ells as compared to the soil.

Additional studies am required before it will be posible to preict the dynamic interaction between a cylindrical
Shell, such as those tested, and soils in general. The testh conducted, however, confirmed qvolitative predictions of the
interaction between a fine sand and simple shelI structures responding within the elastic range and hfrnithed some data
which was not previously available.

INTRODUCTION

_obioctivu and sco"
The ;nvertion between a verticolly Mieftted cylindrical sll and the soil suvouvdilg it when ,bjctled to o

are wave traveling in the direction of h shll's axis is a problem of practical significance. xaImples of such st~tur
are wisle silos, fuel twnks, and access and ventilation shet for under•round installations (we Figure 1). Analyicaol
canuderatioar indicated tha a cylindricol shw•;, propely instrumented, sould permt the calculation of the latral
presur acting at the soil-,truth. inelrface and :f the load transferred to the sell by the soil, or vice ver, through
shea at the interface.

Furtrer, if the vertical pressure could be mepred at various deptin in the soil adjacent It the shell, it would be
poible to obtain a ratio between the lateo!a Pmour calculated "om strain measur•ments in the pipe and the vertcol
pressure in the &oil at the soi-0 depth. T14% ratio is not that denoted ko. K in "I mechanics literatre for reasons which

rAsociote Professor, Deortment of Civil Engineering, University of Minnescta, Minneapolis, Minneota.
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will be discussed, but it would furnish
information of value. Unifowl3y Distributed Blast Pressure

Thus, the Lasic objectives of
the experimental program were: L

a. to obtain information re-
garding the ratio between the
lateral pressure acting on a
cylindrical shell in soil and Cylindrical Shell

t.e vertical pressure in the
sol at the same depth,

b. to obtain information re-
garding the transfer of load

between the soil and the Stress 1aye in Soil

shall through shear at the
interface, and

c. to determine whether there
were fundamental differences
in the soil-structure inter- 1'7777 1

action under static and Fig. I Practical Prcblem Simulated by Experiment
dynamic load.

Because the laboratory equipment employed has iever been used for such studies an important secondary objective
was to investigate the capabilities of the equipment for such studies. For this reason and because of time and cost
limitations the test program was limited as follows:

a. Only a non-cohesive soil, a fine sand, was used.
b. Structural response was limited to small, elastic deflections.
c. Only one rise-time was employed for the dynamic loading.

In addition to the above it is known that gas at high piessures, such as those aosociated with blast loading, will
penetrate a porous medium such as sand. Such penetration undoubtedly occurs in the real case. This is a problem which
requires investigatiun. However, for these tests it was decided to prevent gas penetration primarily because the soil sample
was so small that the Cas penetration might be so rapid as to preclude meaningful measurements.

Finally, an inherent limitation of the laboratory equipment available is that it can not produce a shock wave at
the surface of the soil sample. While this limitation is not of major significance in some respects, it is of importance in
terms of structurci response. It was recognized before the tests were planned in detail that the ratio of the rise-time of
the pressure pulse to the fundamental natural period of vibration of the structure would be so large that there would be no
dynamic amplification of structural response.

Notation

A an area; various
8 Eh3

. Eh3 2), characteristic stiffness of the shell in flexure
12(1- v

c = velocity of stress propagation in any material

cv viscosity coefficient

CC 1 I ,IC2 'C2 ,C 3 ,C 3 = constants of integration
Eh

D - - , characteristic stiffness cf shell in compression

E elastic modulus of shell material

f a measure of the shear at the soil-structure interface

h = thicknuss of the shell in te z- (or radial) direction

kI = characteristic stiffness of shell in compression

k2 = characteristic stiffness of soil column in compression
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k = subgrade modulus in soil

K = ratio of lateral to vertical stress in soil under conditions of plane deformation

Kf = ratio of lateral pressure at soil-structure interface to vertical pressure in soil adjacent to shell

L = length of cylindrical shell in the x-direction

m - a constant

M = confined modulus of compression for soil
hM + z"dz E3 •2wre-eth

M = z 12(1-Eh 3 E2 -w MM = unit bending moment in the x-direction, f .. length

h 12(1- V ) ax

N a dz Eh -V ; N =unit normal force in the x-direction, or force per
x h = _V2 a)x R x unit length

h

2 Eh w u

N 0" dz -V"5 (- " -- ); N = unit normal force in the y-direction, or force per
Y h R 1 'x Y unit length

p uniform rndial pressure acting on a cylindrical shell
th

Pn = natural circular frequency of shell in-n mode

PO pressure acting at the soil surface

P v vertical pressure in the soil

h

Qx Vxz dz; QX = unit normal shear perpendicular to the x-axis, (force/length)

h
2k1 I

r k 7- ,• ratio of stiffnesses of shell and equivalent soil column in compreuiorn

R = radius of shell

Rt radius of soil container

t = time

T = period of vibration

displacement of shell in x-diretInr.

w =displacement of shell in radial or z-direction

x =coordinate along the axis of the shell from top

x L-x, coordinate along the axis of the shell from bottom
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z = radial coordinate of shell

= damping coefficient

9 =correction factor for effect of shell thickness on radial strain

124 R

Poisson's ratio of shell material

p mass density of the shell material

cr = stress in shell in x-directionx

9 = stress in shell in y-direction
y

= angle of internal friction of soil

ANALYTICAL CONSIDERATIONS

Before undertaking the experimental program several questions were raised, the answers to which were necessary
to the design of the experiment, to the choice of structures to be tested and their instrumentation, and to the analysis of
the data obtained. Among these questions were;

1 . What is the variation of vertical and lateral pressure with depth in the soil sample under static load?
2. How for from the end of the shell should the first gauge line be placed to avoid flexural strains developed

by the support conditions?
3. What affect would flexure induced by a variation of lateral pressure have on the strains in the shell?
4. What effect would pipe wall thickness have on the strains measured?
5. Is it possible to predict what the interaction between the soil and the structure should be under both static

and dynamic load?
In addition, as the work progressed it became clear that some additional definitions were required to ensure that

the data and subsequent calculations were properly interpreted and not confused with other similar expressions. In
particular, the meaning of the ratio of effective lateral pressure to the vertical stress in the soil, as obtained from these
experiments, required clarification. Thus a brief di6cussion of the meaning of the ratio defined as Kf in this document,
is included.

The question of the possibility of dynamic response of the structures tested is raised and answered in Appendix A.
The calculated natural frequencies of all structures tested ore so high that no dynamic response of the shells could be
anticipated. In one particular respect this is fortunate; the pipes used also served as soil pressure gauges and the lack
of dynamic response simplified the lateral pressure calculations.

Variation of Vertical Soil Pressure with Depth-Static Case
This apparently simple problem has been given considerable attention. The simplest approach is that developed

by Taylor (1). With it an expression may be developed for the variation of the "average" pressure as a function of depth
under the planned test conditions. Taking the sum of the vertical forces shown in Figure 2;

2_2 Pv"V (R - R) ! dx + fKPv 27(Rt + R) dx 0
av t

from which
d(pV) [ 2fK =0

If it is assumed that f and K do not vary with x;

P exp 1K 1 x (1)
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In Equation 1, R is the radius of the shell in the tank, R is the radius of the tank, K is the ratio of the lateral
stress to the vertical stress in the soil at the soil structure interface and f is the coefficient of friction between the sand and
the wall or the tangent of the angle of internal friction in the soil whichever is smaller.

The assumption that f and K do not vary with x is a

gross one and will be discussed more fully later. Even the
use of the ratio K is open to discussion here. However, it
will be established that if the tank wall and structure are
rigid compared to the soil, the assumption that f does not
vary with depth is justified. Further, defining K properly
will permit its use in the expression.

Effect of End Restraint and Load Variation on Strains
in the Shell n -L

T-eeffect of end restraint on the strains in an
elastic thin shell subjected to a uniform, radially symmetric
load has been investigated (2). It has been established that
even assuming a "fixed" end condition the flexural strains
induced are limited to a narrow zone in the vicinity of the
end. To the author's knowledge the effect of an exponen-
tially varying load on the strains in the shell has not been
investigated. Since the analysis requires the assumption
of boundary conditions, these two effects may be determined
from an analysis of an elastic thin shell subjected to a
radially symmetric load which varies exponentially with x.

The worst end condition which can be imagined for Rt
the test structure is a fiAed end condition; that is, both
rotation and radial displacement are prevented by the cap
at the top. In fact, such restraint can not be achieved but
the disturbance created by less restraint will not be felt fKp P
as far from the end. Thus for the purposes of the problem /V

at hand, the assumption of a fixed end is conservative. I i
Using Tirnoshenko's coordinate notation (3) (see fI l •

Figure 3), the differential equation of static equilibrium of v

the shell may be written ,is:

d4 w D 
K

d--+ 2 - B Pv(x) 0 (2) Fig. 2 Notation for Variation of Vertical Soil
dx BR Pressure with Depth in Container

Tpv • *p erx

XX

14 + v-dx

Equilibrium Equations:•Q N •y

) X + + KPv 0 Fig. 3 Notation for Thin Cylindrical Shell Subjected
to Radially Symmetric Load Which Varies

c) M Exponentially with x

cx x
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The homogeneous solution of Equation 2 may be written:

x -- --Se (C' Cos A + C 2 sin A )

w here 4 r I t

and
X L- x

The assumed boundary conditions are:

(a) w 1x. =0 (b) w x=L 0

(C) dwI =0 (d) d =0Tc x- x=O T1_x= L

Assuming that the lateral pressure varies exponientially with x:
-rex

Kpv = Kp 0 e

a particular solution may be obtained.
Let

w = C3e

Substituting the assumed particular solution in the differential equation, it may be determined that:

Kpo e-mx

B(m4 + )
R

Now letting
Kp0

B(m4 +-)

the complete solution may be written

w . ,C cos s+C2 sinA )

+ C COSA1 + C

+0 (CcosAj+ C 2 sinA)

+ f -mx

where w is the radial displacement of the shell.
From boundary condition (a):

_A
+ro bondr siniio A(a)+

C� +.COSA!+ C2.in A ) -3 = o
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From (b) L L

e (C Cos L + C2 sinA ) 1  + 03 e

From (c) A I.From~~c) .tC, +IRC2I-. L(•,+C,2s$nAI+(L._l. 2 )cosAi~l•ml• 3 =

From (d) 
-W

It ~j (C(C 1 - A-R [(C2 - C 1)Iin~ l-+ K + C ) cos +AR 1 -C -m C 3 emL 0

Since,4 It

h

A > 2, for any reasonable shall thickness. Further, for the shells tested

L 13

L 
L

R IR
therefore e =O, and an approximate solution may be obtained by ignoring those terms which contain e

Thus, the equations obtained from the boundcry condition reduce to;

(a) C!+C3=0

(b) C I + C 3 e'mL = 0

(d) tiff C0 2 " 3 = 0

The constants C. I C,2, 1 and C2 may be determined from thew four equations and the comfplete solution of
Equation 2 may be written:

w~ 'C -CKA + 4)$ik

"÷ C'3 Q'm•- (3)

In Equation 3, the expresion contoining e is negligible new x a 0 (i.e., ; 2 L when x .vO). Therefore
nowthe " urface of the sil sample the radial hisplocement of the shell Is goverred by the following expression:

From Equation 4 it may be seen that to avoid the disturbance induced by the boundary conditions, it is
necesary to locate the fint line of strain gouge. at a distance, x, such that the term

A [0j+ (I sinA']
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may be neglected. If this is done the radial displacement of the shell may be expressed by:

w 3-mx

or, substituting the expression obtained for C3' by

Kp 0 Mx
w 4 (5o)

B(m4 + R)
R

The effect of the e 1 .onential dezay of lateral pressure on the radial displacement, at some distance from the end,
is indicated by the term, m , in the denominator of Equation 5o. That equation may be rearranged as follows:

Kp° e'w 0 (5b)

B4 (1+M4R4

Rm4R

From Equation 5b it is apparent that if () + m R z 1, the effect of the load variation on the lateral
displacement is negligible. A

From the preceding discussion of the variation of vertical load with depth, m may be expressed as:
2fK

M - Rt (I -1--
t = r

t

For static loading reasonable maximum values for f and K are I and 0.5 respectively. Since Rt at 12 and Ru 2

m a 0.1
and 4

m c 0.0001

Since R4  R2h2  44
Ra2, and h - thWen (I + ) ,.

Therefore it is concluded that the effect of the load variation on radial displacement is negligible and that the
effect of the end restraint may be avoided by placing the first line of gauges at a distance x from the end such that
expression

is negligible.
In a similar immaer, the flexural displacement due to a constant axial load may be shown to be negligible

under the asumed loading conditions.

Development of Expressions Used fo Data Anasis
Having etisbl•d at the structures will not respond dynamically to the applied loading and that flexurol

deformatkn induced by the end restraint and the load variation may be avoided or ore negligible, the equations of
equilibrium for the shell reduce to

D fKpv 0 (6)
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Rearranging Equation 6 and integrating with respect to x, yields

=-u fKp dx+ v !R+C

The value of the constant of integration can be obtained by evaluating-- at x = 0, noting that w 0 at this
point: ax

a u p - °R

a 0x x "'

Therefore pR

and
a~u _i wpoR
al- - fKp dx+Vw- p 0 R (8)

0

From (7) Dr 1
Kpv = -R-Vax

The measurements which are possible on the shells are measurements of vertical strain eu/ax) and circumferential
strain (w/R). Thus, from Equation 9 the product Kpv may be obtained and then, if f is assumed to be constant between
two successive gouge lines the value of f may be obtained from Equation 8 as follows:

au

axx

Let be the vertical strain at depth xI .

- f KPd cx + V -

0 oX

Similorly

2 a 2 k
G-f K.. K~dx+ V -w I2

C ) x x 2 
x 2

Then

x 2

LI x 2and

c { I].....(10)
f2 Kpv dx

x 1
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The indicated integration was performed numerically using Newmark's (12) concentration formulas, which is
equivalent to representing the variation of KPv with x, by a second degree polynomial of the form

Kpv =ax2 +bx+c

Effuct of Shell Thickness on Circumferential Strain
In the foregoing analysis the shell was assumed to be a thin shell. For such shells, the circumferential strain does

not vary significantly from the middle surface to the extreme fiber. However, as the thickness of the shell increases this
is no longer true. Significant concentrations of strain may occur at the inner surface, particularly, where the strain gauges
were placed to avoid possible damage resulting from relative displacement between the soil and the structure.

From Equation 9 it may be seen that the effect of a concentration of circumferential strain is to increase the
calculated value of the effective Interal pressure. Further from the development of the basic shell equations (3) it may be
seen that a resonable approximation to the correction factor required may be expressed as

! = I (11)

(I + -)

where 0 is the correction factor which must be applied to the circumferential strain, h is the shell thickness and R the
radius of the shell.

The preceding expression is based on an assumed linear variation of strain with distance from the middle surface.
Although the actual variation is known to be not linear (4) for cases of plane strain, a more elegant approach is believed
to be unwarranted in this case. There are many other variables whose effect can not be evaluated.

Definition of K and f
It is apparent from Equations 9 and 10 that it is not possible to determine the value of K from the data. What may

not be so apparent is that if friction is present at the soil-structure interface, as implied, the ratio of the lateral pressure
on the pipe to the vertical pressure in the soil is not the ratio, K, as defined in theoretical soil mechanics. Terzaghi (5)
defines K as the ratio of the lateral pressure to the vertical pressure in soil under conditions of plane deformation; that is,
under the condition that no shear exists on horizontal and vertical sections. Therefore even if the value of K could be
determined from the strain data obtained from measurements on the shell, it would not be the some ratio as defined in soil
mechanics literature.

To avoid confusion, then, for purposes of this investigation the ratio of the effective lateral pressure on the pipe to
the vertical pressure in the soil will be designated Kf.

Vertical pressure measurements were obtained in the soil ýy means of a soil pressure gauge described in Appendix B.
As used in the development of the expression for the variation of vertical soil pressure with depth, it is implied

that f has some constant value. This implication is obviously incorrect, because f may have any magnitude between zero
and some maximum value which is either the coefficient of friction between the soil and the structure or the tangent of the
onle -f inter.nal fr':tion of the soil, whichever is smaller. If the displacement of the soil and the structure at a given
depth are equal there is no transfer of load from soil to structure or vice-versa. If the displacement of the soil relative to
the pipe at a given depth is sufficient to cause slipping between the soil and the structure or a shear failure in the soil
adjacent to the interface, or, if either behavior Is incipient, the magnitude of f will be a maximum. Fu.rther, it is
obvious that f may have any absolute value between zero and this maximum.

The sign of f is arbitrary. For this analysis it was kssumed that f is positive when the soil is loading the structure;
that is, when the soil is moving or tending to move down with respect to the structure. Conversely the sign of f is negative
when the structure is moving or tending to move down with respect to the soil.

Anticipated Soil-Structure Interaction
Even in the simplest static case, the prediction of soil-structure interaction is difficult. Consider the case

depicted In Figure 1. Assume a uniformly distributed static pressure applied to the surface of a semi-infinite medium which
surrounds a cylindrical shell of length, L. Both the shell .ind the surrounding medium ar resting on a rigid foundation.

In the vertical direction, the stiffness of the shell may be characterized by

k AE 2" RhEI T - =

Assuming the soil to be elastic, the stiffness of a similar column of soil may be characterized by

I AM ItR2M
2 • - L
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where M is the confined modulus of the soil in compression.
Ignoring the effect of Poisson's ratio in the two materials, the vertical deflection at all depths in the soil and the

shell would be equal if kI = k2 . Under these conditions there would be no shear at the soil-structure interface (i.e., f
would be zero).

The ratio of stiffnesses, then, may be used to make qualitative predictions concerning the interaction.

r klI= h E

rk- 2 =K 2
2

v, here rk is the ratio of stiffnesses of the shell and the soil.
When the ratio rk = 1, the soil and the structure will move together. If the structure is essentially rigid compared

to the soil; that is, if rk is very large, the soil will move down with respect to the structure as load is applied. Under
this condition, it may be reasonable to assume that the value of f is a maximum along the entire length of the shell and it
should be possible to determine the response of the structure. However, the usual case is not so clear cut.

For reinforced concrete shafts and other similar structures, IVR ranges from about 0. 1 to 0.05. Assuming
E = 4 x 106 and M = 5 x 104, which is a reasonable value for the constrained modulus of sand (6), it may be computed
that values of rk from 8 to 16 are reasonable for reinforced concrete structures. Even lower values of rk ore not unusual,
particularly for steel structures.

The vertical displacement in the soil is not dependent upon behavior of the structure ot large distances from the
structure so if the properties of the soil are known the vertical displacement may be computed as a function of depth at
such distances. Further the vertical displacement in the shell at any depth could be determined by integrating the strains,
computed by means of Equation 8, from the rigid foundation to the point of interest. However, even ignoring variations in
lateral pressure resulting from radial displacements of the shell, it is simply not possible to determine the variation of t
with depth in advance of the calculation. An iterative solution might be possible at some later time after more is known
about soil-structure interaction.

Despite the obvious complexities of the problem and the simplicity of the approach used, such considerations
do permit a qualitative prediction of the behavior of the soil-structure system under the conditions described. Assuming
a structure which is only slightly stiffer than the soil it is apparent that near the surface the vertical displacement of the
soil will be greater than that of the structure and tha load will be transferred to the structure from the soil through shea.
The increased load will produce increased strain in the structure below that depth. Such transfer should continue down to
a depth such that displacement in the structure equals the displacement in the soil. Below that depth, under static load,
the soil and structure displacements should remain equal. Any tendency on the part of t structure to move down relative
to the soil would result in a transfor of load to the soil, thus maintaining compatible displacement.

Under dynamic loading the problem is so much more complex that no attempt will be mode to discuss the general
case which involves elastic vibrations of the structure as well as dynamic response of the soil. As previously stated no
dynamic response of the structures was anticipated in this test program. The fundamental natural period of longitudinal
vibration of a steel pipe about 2 feet long is about 0.47 milliseconds and for a steel pipe, 4 inches in diameter, the
natural period In the so-called "breathing mode" is about 0.06 milliseconds. Since the planned rise-time of the pressure
pulse was greater than 10 milliseconds the structural response, though rapid, would not be dynamic.

For the soil, on the other hand, the fundamental period of longitudinal vibration could not be determined prior
to test. The fundamental natural period of vibration of a column of any mnterial supporteW by a rigid bow may be
expressed as

T 4L

c
where T is the period in seconds, Lis the height of the column in fee and c is the velocity of thes propagation in the
material in feet per second. For fine-grained sand, BSrkon (7) gives a compression wave velocity of about 1000 fps.
Thus for a soil sample about 2 feet long, T o 8 milliwconds, and although the computed fudomentol natural period
of the soil somple Is somewhat sharter than the rise-time of the pressure pulse, the load may be considered dynamic insofar
as the soil is concerned. If the soil were elastic, some dynomic amplification of the response could be anticipated.

However, of mare importance to this investigation is the fact that the strOws wave traveling through the pipet will
reIch the boe of the tonk at times which ore meawrobly earlier than the arrival of the stess wave in the soil. Thus, the
pipes should tend to move down with respect to the sail prior to the arrival of the tires wave in the soil at. given depth,
resulting ina transfer of load from the pipe to the soil in fron. z -'w Oress wave in the soil. Then as Ie stress, wave in
the soil passes that point and the soil below becomes stresed the vertical displacement in the soil may become large
enough to reverse the relative motion of soil and structure. This behavior would be reflected in a change in sign of f.

In view of the fact that very little Is known about soil-structure inte ction under dynamic load very little mwoe
could be said about the anticipated behavior prior to test. The test program outlined below, then, must be considered
as explorator, in nature.
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EXPERIMENTAL WORK

Introduction
In broad outline rhe experimental work consisted of a series o0 tests of three instrumented pipes, which were first

tested in uniaxial compression to obtain information regordirN. the physical 'roperties of the materials of which the pipes
were mode (i.e., Young's modulus and Poisson's ratio). Svbsequentiv, the three pipes were placed in a tank, surrounded
ýy soil (a fine, dry sand) and subjected to both static and dynamic loading. The orientation of the pipes in the tank was
as shown in Figure 4.

A total of 14 static tests and 12 dynamic tests
were conducted. The maxirmum pressure at the surface
of the soil sample for each test is given in Table 1.

Test Facilities
The facilities employed for the soil-structure

interaction studies, both static and dynamic, consisted
of a cylindrical steel tank (see Figure 4) mounted on a
platform. For the static test the tank was fitted with a
flat head, Figure 5, to conserve gas and to speed up
the testing program. For dynamic tests the testing
machine used in this study was a 60,000 pound capacity,
gas operated, slow or rapid loading device originally
designed and constructed by Egger (8). (See Figure 6
for a view of the dynamic loading machine mounted on
the soil container.)

The 60 kip machine was modified to permit
simulation of blast loading from a nuclear or thermo-
nuclear weapon. Details of those modifications and Fig. 4 View of Soil Container Showing Orinetation of
the operating characteristics of the machine as ' c (Pipe) in Tank
mounted for these tests ore contained in another Table I
document f9) and will not be repeated here.
However, a brief description of the machine Maximm Pvqs-,re (pi' at Surface of So.I Sampfe For All Tests
and its operation are in order.

The machine used for this test series
consisted of one external compression or , .
chc'ring chamber together with its asociated a
sliae valve chamber and on octahedral
transition section. The tirmsition section,
whick terved as the expansion thomber was
connected between t4e 12-inch diameter
slide valve chomber and the 24-inch diameter ,
steel drum or tank mentioned above a s•on
in Figure 7.

A baffle and grid were placed in a
tranition ri.vg a shwn in Figute 8. The
pwrpw •of the baffle and gtid was to achieve
a oiform distribution of presure on the
urfoce o the "oI in the tank below. Thi s
particulor co-birvttion of baffle, grid and ..

spacing between the grid and the toil "urface
has bee" !vestig'ated e*perimentally (9) and
found to produce very good results.

The baffle used cvnsisted of a solid
plate, 0.5 inch thick and 7 inches in disameer
and was held 3.5 inches above the grid by tee legs bolted to Wr $Jrd. the grid used was fabrcoted from. a 0.75 inch
steel plate by drilling apprltiately 925 one-holf inc diometw olfts through it so that the am of the holes was about
40 perent of the tal grid acr.

A transition ring w, fabricated to proi-We a specing of aopwroxi.otely 2.0 inclws fro," *e bottom of the grtd to the
neoprene diaplvagm separating the expansion chamber fr- the wrfoce 2f the soil in the t b i-e . in addition, a hole
was bared in the side of the trntrstion ring to permit instollotion of a Ktis twr s=r !fW'-,cer, MO4del 601, which 0as
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*24

Fig. 5 View of Soil Container Showing Head Fig. 6 View of Soil Container with 60 kip Dynamic
Used for Static Tests Loading Device Used for Dynamic Tests

used to measure the gas pressure on the surface of the soil as a function of time.
i,.) cpernte the dynamic loading device it %,as necessary to charge the external compression chamber to some

predem.nrmwied pressure level, charge the auxiliary chambers which cause the piston to travel upward, a,.d then release
the piston. As the pressure in the auxiliary chamber forced the piston upward, the gas at high pressure in the compression
chamber vented into Oe expansion chamber and, filling the chamber, loaded the surface of the soil with a reiatively
uniform pressure whit.h rose utery rapidly to a peak value determined by the initial pressure in the compression chamber.

Specimens

Soil As stated previosly, to reduce the n.mbes of v.riabies in this test series only one sail was employed; a
Fine dry •-s'•m inq the test prmcedures described &1ýtwg, the soil was corrpacted to a density of about 108.5 pounds
pD cubic foot for each test.

The soil used, Songamoti River Sand,
has recently been tested in a svits of 'e'ý Au~l~ary
diwensional tests by Mencirof- (0~. F.:rthwrCrem
infcx'motion regarditV ,ts propertiei are
ctvoilable "ithat docuotmnt.Or

POP"l The sgmonts of pipe ofA
v,,,,, sttit. .w used. The diJ"onsionts

--d Properties of each of 0# pip% are li*ted I
in Table 2. am* lute

I n sr u m en~ t at i on ? M . 1 t 0 tU4

Sail verloiia preswre Meiure"W-ft Am naOR1WWNM
%*Ie obt7ined in th, soil at tyo ive~ls in
eoch tst sing #he sai! pretsure q4i
iet;ked ir. Appekdix A. Soil pessurII

gouge No. 3 two po<,d at a deptti of
I1S inchet below tf*e so•oce of the Wsnd and
at the 'iuloint beewirn the pipe -all and
the tgo4 .omit fmi all tests. The iocation of
soil prsure gouge No. 4 it listed in
Table 3 fow eomh test.

Fig. 7 Sclematic of Eripermn'ntal Equip4wnt Used fr Dynamic Test
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Pi e Each pipe was instrumented as shown in
Figure 9 Twelve SR4 "T"-gauges, type AX-5, manu-
factured by the Baldwin-Lia-Hamilton 'rporation, were
mounted on the inside of each pipe; four at each gauge
level. These gauges were used to obtain "average" 7

circumferential and vertical strains at 4, 10 and 16 inches
below the top of the pipe. That is, the four vetical and- ..
the four circumferential strain elements were connected in
series oand balanced by four dummy gouges outside the pipe
as shown in Figure 10.

Gas Pressure For the static tets the gas pressure 4

on the sufaoce of the soil was measured by mean of two
gauges; a 1000 psi capacity gauge with '0 pound sub-
divisions and a 100 psi capacity gouge with 1 pound
subdivisions. The latter, of course, was used for pressures L
up to 100 psi only.

For the dynamic tests the gas pressure as a function
of time was measured by u Kistler pressure transducee,
Model 601, which is a quartz crystal type piezo-electric Fij. 8 View of Soil Container Showing Baffle
sensing device, in conjunction with a Kistler preamplifier- and Grid in Transition Ring
calibrator unit. The outout of the preamplifier unit was
fed into the CEC (Consolidated 'lectrodynamics Corporation) recording oscillograph, described below.

Data Recording Data for both static and dynamic tests were recorded by means of a Type 5-124 recording
oscillograph, manufactured by the Consolidated Eiectrodynamics Corporaton, which is a nufiti-channel, portable,
ground ý-nvironment, direct-recording, photographic type instrument. It uses 7-inch wide print-out recording paper,
cnd provides up to 18 channels of da'i on visible records without chemical processing. Using standard CEC Type 7-300
galvanometers, dynamic measurements up to 5000 cps are possible. Five record speeds are available; 0.25, 1, 4, 16 and
64 inches per second. The slowest speed
was used for the static tests and the
highest speed was used for the dynamic Table 2
tests. Properties of Pipes Used

Uniaxiol Compression Tests
A 100,000 lb capacity Baldwin- Pipe No. 12 5

Southwark Testing Machine was employed Material Steel PVC* PVC I
for the uniaxial compression tests, which Nominal Size 4 4
were conducted in a conventiona! manner;
the load being applied in the direction of OD (in.) 4.25 4.5 4.5
the axis of each pipe segment. Because iD (in.) 4.0lo 4.026 5.626
these tests were conventional uniaxial
compression tests, further discussion of
the test procedure is not warranted. Approx, wgt per ft. 5.293 1.899 2 636

Length (in.) 25.75 25.75 25-75
Tests in Soil

The procedure employed for both
static and dynamic tests in soil was as Ryertex Omicron PVC (Polyvinyl Chloride) Plastic
follows: Specs :

1. The pipe segment was placed Specific Gravity, 1.55 - 1.45
Specific Volume,20.5 - 19.1 cu.in./lb.

in th, tank as illustrated in Tensile Strength, '3000 - 9000 psi
Figure 4. The leads from the Elongation, 2.0 - 4.0 %
strain gauges were Lrought Mod. of Elast. (Tension), 3.5 - 6 x 10 psi
out through a hole in the Compressive Strength, 800 - 13,000 psi
bottom of the tank and Flexural Strength, 10,000 - 16,000 psi
connected to the remainder *-
of the "hridge" below the By actual measirement the pipe wail thickness for this seamless

platform. To avoid lateral steel pipe was 0.128 in.

displace' ent of the bottom
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"T" Gauges Table 3
Tpe AX-5 Depth (inches) of Soil Pressure Gauge No. 4 for all Tests

R a 1 + 0.5 Static Test Pipe Number
or - 1.99 1% No. 1 2
AF - 1/30

'. 16 16 16

2 16 16 16
3 16 4 16

4 24 4 10
5-- 1 6

D'namic Test

No.

24 i6 16
2 24 16 16

5 16 4 16
4 16 4 166"

6"

Fig. 9 Strain Gouge Locations for
all Pipe Specimens

Recorder

Aetive Gauges D m Gauges

Fig. 10 Typical Circuit Diagram for Vertical and Horizontal
Strain Gouges at Each Gouge Level
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of the pipe a positioning disc was installed in the bottom of the tank.
2. Soil was placed around the )ipe in six-inch layers and compacted by means of on electric vibrator.
3. After the tank was full the top of the sample was leveled with a steel bar (see Figure 11) and the

neoprene diaphragm was placed over the surface of the soil.
4. The flat head used for the static test series was then attached to the tank and a static pressure of 100 psi

was applied to the surface of the sample to compact the soil further. The purpose of this step of the
procedure was to obtain as nearly uniform compaction as possible and to avoid excessive vertical
deflection of the surface of the soil which could result in rupture of the neoprene diaphragm.

5. After compaction, sand was added to bring the surface of the soil flush with the top of the tank.
6. Depending on whether the test to be performed were static or dynamic, the flat head, shown in

Figure 5, or the 60-kip capacity dynamic loading machine, shown in Figure 6, was attached to the tank.
7. Calibration steps were then recorded, for each test, using the recording oscillograph described above.
8. For the static tests, the pressure was increased to a maximum and then decreased in various increments

depending on the pipe employed.
9. For the dynamic tests the machine was charged and fired. Records of the first 0.5 and 0.8 second of

response were obtained with the recorder paper speed at 64 inches per second. The pressure was then
bled from the expansion chamber and records were obtained of the strains at pressure levels employed
for the static tests of the same pipe during unloading.

A sequence of two static and two dynamic tests were conducted with each pipe for the first test series. That is,
static test 2 was performed without removing the pipe and soil from the container after completion of static test No. 1.
After a preliminary analysis of the data obtained, three static tests of pipes 2 and 3 were conducted in sequence for the
second test series. The reasons for this decision and the results obtained are discussed below.

PRESENTATION AND DISCUSSION OF TEST RESULTS

Uniaxial Compression Tests of Pipes
The uniaxial compression tests of the pipes were ordinary in every respect and no peculiarities were encountered.

The load-strain relationship was linear up to the maximum strains recorded; about 0.001 inches per inch for the steel
pipe and about 0.004 inches per inch for the two plastic pipes. Calculated values of Young's modulus varied within two
percent of the average at the three gauge lines. This variation was probably due to variations in pipe wall thickness.

The values of Young's modulus and Poisson's ratio listed below for each pipe were obtained by averaging the
vertical and circumferential strains at the three depths.

Values of V and E for Pipes
Pipe Material E V
No.

1 Steel 30.8 x 106 0.243
2 PVC 5.1 9 x 105 0.359
3 PVC 5.21 x 105  0.354

Static Tests of Pipes in Sand

Performance of Soil Pressure Gauges A typical,
complete load-strain function for soil pressure gauge is
shown in Figure 12, in which the pressure applied at the
surface of the soil sample is plotted on the ordinate and
the strain in the vertical element in the gauge is plotted
on the abscissa. It is noteworthy that the shape of this
curve is similar to stress-strain curve for a confined sand.
The curve shown was prepared from data obtained from
static test No. 3 of Pipe No. 3, during which the gauge Fig. 11 View of Soil Container Showing Soil
was located 16 inches below the surface of the sand. In Surface Before Test
subsequent figures the unloading cycle will be omitted
only to avoid confusion.

In Figure 13, the strains recorded in Gouge No. 4 are plotted as a function of applied surface pressure, during
loading only, for three depths; 4, 16 and 24 inches below the surface. Only one static test was conducted with soil
pressure gauge No. 4 at 24 inches below the surface. However, three static tests were conducted with that gauge at
4 inches below the surface and 9 were conducted with the gauge at a depth of 16 inches. There was less scatter in the
data obtained at these depths than at the 1.5 inch depth (see Appendix B). These data were subsequently used with the
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gauge calibration curve in Appendix B to obtain the vertical soil pressure existing at the depths noted as a function cf the
applied surface pressure. Then they were used with corresponding lateral pressure calculations to obtain values for the
ratio Kf.

The scatter in the data obtained with soil pressure gauge No. 3, which was placed at a depth of 1.5 inches for
all tests, was much the some as that obtained during the calibration tests. Since these data were not used in subsequent
calculations they will not be discussed further.

Strain Data from Pipes Figure 14 shows the vertical and circumferential strains recorded at the three gauge
lines as a function of applied pressure at the surface for a typical test of the steel pipe. Compressive strains are plotted
as positive and tensile strains are plotted negative. Only strains recorded while the load was increasing are shown to
ovoid confusion. A complete load-strain function (for the 16-inch gauge line Pipe No. 2, Test No. 5) is shown in
Figure 15. A.i strains recorded exhibited the some general shape but the area within the loop was much larger for the
plastic pipes than for the steel pipes.

The recorded vertical strains in the pipes increased with depth at all pressure levels indic ating that load was being
transferred to the pipes from the soil through shear at the interface as anticipated. The total load transferred was less
for the second of the two tests in the sequence. This difference is believed to be caused primarily by the fact that the
soil density was greater for the second test of the sequence.

It is noted that the decrease in vertical strain in the case of the steep pipe (Pipe No. 1) was very small but that
the decrease was significant for both plastic pipes. The steel pipe was essentially rigid compared to the soil so that, for
the second of the two tests, the relative displacement between the soil and the pipe was virtually the some despite the
increased soil stiffness resulting from the additional compaction afforded by the first test. This hypothesis was confirmed
by the shear calculations which are discussed later.

At the 4-inch gauge depth the circumferential strains were compressive for all tests. At the 10-inch depth the
circumferential strains were small and both tensile and compressive, varying from one test sequence to another. However,
at the 16-inch depth (4 pipe diameters) the circumferential strains were tensile for all tests. At this depth the load trans-
ferred to the pipes was so large that:

u R
-x > 5 Kfpv

Variation of Vertical Soil Pressure with
Applied Load and Depth Figure 16 shows the
"vertical soil pressure plotted as a function of the 16D
applied load (load increasing only). The dashed
line represents the average of all test data obtained
at the depth indicated. Despite the large scatter
in the data at low pressure levels particularly,
the relationship appears to be linear. The data ,- W /I
for the 24-inch depth is not shown because only
one test was conducted with soil prassure Gauge
No. 4 at that depth.

The average value of Pv/Po for each test g
depth ;s shown in Figure 17 as a function of depth /
in the tank. The solid line represents exponential 80
decay of pressure with depth:

Py -mx

where

2.3 fK
Rt

0
0 50 100 150 0

Strain In Guge(Nlcro-incbes per Inch)

Fig. 12 Typical Complete Load-Strain Function for
Soil Pressure Gauge No. 4 - Static Tests
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For this calculation, values of 0.93 and 0.4 were assumed for f and K, respectively; which are reasonable as
will be demonstrated later.

Although the average of all data obtained at a depth of 4 inches does not fall on this line the averages of data
obtained at the 16- and 24-inch depths do so.

Variation of Lateral Pressure on Pipes with Applied Load and Depth Calculations of the effective lateral pressure
on the pipes at the three gauge depths (4, 10 and 16 inches) were made using Equation 9 after correcting for the con-
centration of circumferential strain by means of Equation 11. Values of Young's modulus, E, and Poisson's ratio, v
obtained from the uniaxial compression tests of the pipes were used.

There is good correlation between the calculated lateral pressures on the two plastic pipes at the same applied
surface pressures and depths. However, the calculated lateral pressures on the steel pipe was considerably less than the
values obtained from the plastic pipes at the same depths and applied surface pressures. This was not anticipated and the
cause has not been determined. Assuming that the difference is real and not an odd statistical variation, an explanation
may be found in the difference in the boundary conditions at the soil-structure interface. The value of the shear at that
interface was much higher for the tests of the steel pipe than for the tests of the plastic pipesas will be demonstrated.

4" Depth

500

500_ _

16" Depth

/ 21" Depth

000o

AWWied Surftce Pressure (psi)

Fig. 13 Strain in Soil Pressure Gouge No. 4 as Function of Applied
Load for Three Depths - Static Tests
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Fig. 14 Vertical andl Circumferential Strains as a Function of
Applied Pressure, Pipe No. 1, Static Test No. 1

505



SOIL-STRUCTURE INTERACTION

Figure 18 shows the variation of lateral pressure on the plastic pipes as a function of depth for various surface
pressures. The average values of the effective lateral pressure on the steel pipe at the three gauge depths are plotted as a
function of applied surface pressure in Figure 19 and the same data are plotted for both plastic pipes in Figure 20. Note
that the effective lateral pressure on the pipes does not appear to be a linear function of the applied surface pressure.
From this, and the fact that the vertical soil pressure at the depths of 4 and 16 inches appeared to be linear functions of
the applied surface pressure, it may be expected that the ratio "Kf" will vary with the applied surface pressure.

Variation of Kf with Applied Load and Depth Defining Kf to be the ratio of the calculated, effective lateral
pressure on the pipe to the vertical pressure in the soil at the some depth (obtained by means of the soil pressure gauge)
it is possible to obtain values for that ratio for two gauge depths; the 4-inch and 16-inch depths. The value of Kf
increases during unloading. A similar increase in the value of K has been noted by others including, most recently,
Hendron (6).

Vertical 3t, L,

2000 ILI _ __k 7

U

*1

Pufc Pressure (psi)

* 0

0 100 200
Ap9.1 Pressure at Surfce (psi)

pig. 15 Typical Complete Load-Strain Function for Pipes in Soil,
16-inch Gauge Depth - Static Tests

506



ANALYTICAL AND EXPERIMENTAL STUDIES, II

Average values of Kf (for increasing pressure) obtained from each test series are plotted as a function of applied
surface pressure in Figure 21. Despite the variation in test data there is a clear indication that the value of Kf increases
with increasing pressure. Further, there is some indication, though the data is more limited, that the value of Kf decreases
with depth. The fact tOat the computed value of Kf must be higher than 0.5 at a depth of 4 inches may be confirmed by
analytical considerations.

It is believed that the lateral pressures acting on the pipes were proportionately higher at the 4-inch gauge line
than at the 16-inch gauge line because the surface of the soil sample was displaced vertically downward with respect to
the pipe during test. From the dish-shaped appearance of the surface of the soil after test, Figure 22, it is concluded
that there must have been a lateral component of the applied surface pressure near the top of the pipe.

Variation of f with Applied Load and Depth As explained, the coefficient f is a measure of the magnitude and
the direction of the shear force acting against the side wall of the cylindrical shell (pipe) between any twogauge lines.
Values of f were calculated from Equation 10 for each pressure level of each test. A summary of these calculations for
the plastic pipes is included in Table 4.

Before discussing this test data, it is appropriate to point out that the relative stiffnesses of the selected pipes to
the soil can not be established with accuracy because the modulus of the soil has not been established under these
particular conditions of confinement. Based on data obtained by Hendron (6) in one-dimensional compression tests,
a modulus of 50,000 psi is not unreasonable. Using this value the relative stiffness ratios were computed:

Pipe No. rk

1 76.8

2 3.5

3 2.5

2'

100 .pa - .W7.

"lPOl

o/ / ______?p/po 0. 30)

000 200 •00
AI".ed Preasum at %rfce (pi)

Fig. 16 Vertical Pressure in Soil as a Function of Surface Pressure
for Two Depths - Static Tests
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Fig. 19 Lateral Pressure on Steel Pipe as a Function of Applied
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Fig. 20 Lateral Pressure on Plastic Pipes as a Function of Applied
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Fig. 21 Variation of Kf with Applied Surface
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Fig. 22 View of Surface of
Soil After Test
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From these values it may ýe concluded that 'he steel pipe (Pipe No. 1) was essentiall rigii ý ..d' les:. "
soil, whereas pipes No. 2 and No. 3 were only a little sliffer than the soil. The specific vaiues kted are not 1c *,e
interpreted as known facts but the relative values are important to an understanding of the discussion which foi lo- s.

The date for Pipe No. I (the steel pipe) indicate that the shear force on the pipe is a constant regardless of the
pressure level. There was a slight difference in the average value of f with depth. The average value of f betweer, the
4-inch and 10-inch gauge lines was 0.959, and that between the 10-inch and 16-inch gauge lines was 0.905. This
difference is not satistically significant, but is probably real since the boil was undoubtedly better compacted between the
4- and 10-inch gauge lines than between the 10- and 16-gauge lines.

From the appearance of the surface of'lhe soil sample after test it may be concluded that during tests of the steel
pipe the sand did not slip along the pipe wall'6nd that the transfer of load to the pipe was limited by the shear strength of
the soil. Assuming that for the tests of the steel pipe f = tan ,0 and using the average of all data:

tan 0 = 0.934
or 0 -430

Table 4

Summary of Shear Calculations (f) - Static Tests

Test Applied Pressure

No. 50 100 150 185 150 100 50

Pipe No. 2; 4 inches to 10 inches

I 0.629 0.426 0.336 --- .. 0.537 o0468
2 0.656 0.245 0.204 ...--- 0.551 0.711
3 0.380 0.280 0.297 0.325 0,418 0.394 0.494
4 0.428 0.234 0.153 0.167 0.252 0.422 0.580
5 0.546 0.248 0.138 0.138 0.187 0.371 o068o

Avg. 0.528 0.287 0.226 0.210 0.279 0.455 0 587

Pipe No. 2; 10 inches to 16 inches

1 0.517 0.149 0.275 --- -- 0.488 1.110

2 O.480 0.088 0.239 --- 0.418 .80o4
3 0.095 0.035 0.232 0.275 0.594 0.404 0.447
4 0.278 0.043 -0.013 0-075 0.104 0.227 o 541.
5 0.230 -0.088 -0.051 -0.0,30 0.009 0.112 0o750

Avg. 0.320 0.045 0.136 0.107 0 16c 0.330 0,730

40 70 100 1i0 100 70

Pipe No. 3; 4 inches to 10 inches

1 0.824 0.313 0.341 0.549 0.485 0 505 0.400
2 0.799 0.233 0.198 0.210 0,286 0.450 0.496

0.989 0.285 0.228 0.238 0.374 1.024 0.915
4 0.704 0.307 0.181 0.154 v 2'(0 0 402 0.741
5 0.766 0.339 0.209 0.152 0 159 0.392 0,747

Avg. 0.8M6 0.295 0.231 0.259 0.331 0.555 0.660

Pipe No. 3; 10 inch•ts to 16 inches

1 0.065 -0.083 0.088 0 268 0.442 0.374 o.366
0.898 -0.035 -0.060 0 050 0.178 C.243 0 418

3 -0.062 -0.051 0.123 o.185 0.185 0.317 0 936
4 0.309 -0.031 -0.072 -o.016 0.075 0.172 0.581
5 0.224 -0.009 -o.065 -0.042 0.022 0.113 0.462

Avg. 0.287 -0.042 0o003 0.089 0.180 0.244 0.552
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AktNouqh an argle of internal friction of 430 is iarge, it is not unreasonable for the and e,"toyed, at a tr
of ;vjt 110 lbs per cubic foot (6).

Because the plastic pipes were more flexible, the ;.alculated values of f were less that, those calculated for the
steep pipe. In fact, the values of f varied not only with depth as expected but also v ith pressure, as is readily apparent
in Table 4.

Note that as the ioad was increased the calculated values of f between the 10-inch and 16-inch gauge lines
approached zero for both plastic pipes indicuting that there was little relative displacement between the pipes and the
soil between these gauge lines during loading. Then, as the load on the surface of the sample was decreased the values
of f increased indicating that the pipe was moving upward with respect to the soil during unloading. This behavior is
consistent with the anticipated response of both the structure and the soil. That is, strains in the structure (pipe) were
kept within the elastic range whereas the soil suffered some permonent p!astic displacement. Thus, as the load was
reduced it is reasonable to expect that the pipe would tend to move upward with respect to the soil producing a sih3aring
force acting downward on the pipe.

Dynamic Tests of Pipes in Soii

Performance of Soil Pressure Gauges The performance of the two gauges under dynamic loading conditions was
especially gratifying. Gauge No. 3 was used primarily to determine whether this type of gauge placed just below the
surface (1 .5 inches below) would record accurately the pressure at the surface. If so, some faith could be placed in
data obtained at other depths.

Comparing the records obtained by means of the Kistler gauge with those obtained with sail pressure gauge No. 3
in Figure 23, it is clear that the soil pressure gauge recorded essentially the same pressure as a function time as did the
Kistler gauge. The fact that the corresponding records for each test are not exactly the same is not disturbing because
the two gauges were not at the same point and it is highly unlikely that the variation in pressure with time was identical
at all points on the surface of the soil sample.

The ten curves in Figure 23 were obtained from records of the four dynamic tests of the thin plastic pipe (Pipe
No. 3) and are typical. Note that the Kistler gauge records are plotted as pressure, in pounds per square inch, as a
function of time, whereas the records from the soil pressure gauges are plotted as vertical strain (in the gauge) as a
function of time so that the differences in amplitude are not important. The important factors are: (a) the shapes of the
curves obtained with soil pressure gauge No. 3 and the Kistler gauge are essentially the same, and (b) the scatter in the
data obtained with the soil pressure gauges is small.

200 1 1 1 1 ,600

Kistler Gauge - 1
Soil Pressure Gauge No. 3 -2 (0.5 inches below surface)
Soil Pressure Gauge No. 4 -3 (16 inr-hes below surface)

150 .5 see. 0

"I E('X
i5o 10=A A---•-- .... 'f 2 300 1-4

a) 0

150 -

4,

-0.002 t 0,02 0.04 O.O6 0,08 0. 10

Tire (sec-ondt)

Fig. 23 Kistler Gouge and Soil Pressure Gauge Records From Four Dynamic Tests, Pipe No. 3
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obtained with soil pressure gog No. A i-t dy,'e'. ies t J _-nd No. 4 cf Pipe No. J.)

This apparent damping of th kighk fre #r7y gos pressure ijcttions was confirmed by the test series with" Pipe
No. 2. Figuit 24 shows the four records obtoined ^,ithi the Kisti gauge and soi: pressure gauge No. 4 (at the 16-inch
depth) during dynamic tests No. 1 and No. 2. LCnfortunately, no readable rocord was obtained with soil pressure gauge
No. 3 during these two tests. The corresponding records obtained during dynamic tests No. 3 and No. 4 of Pipe No. 2
are shown in Figure 25. The top two records are gas pressure measurements at the surface obtained by means of the Kistler
gouge, and the two lower records are soil pressure measurements obtained with soil pressure gouge No. 4 at 4 inches below
the surface.

Comparing these last two figures it may be seen that the gas pressure fluctuations at the surface were transmitted
with relatively little diminution to a depth of 4 inches but that at a depth of 16 inches the pressure fluctuations are barely
discernible. Another point of interest, which will be discussed later in connection with the transfer of load to the pipes,
is that the strain in the soii pressure gauge at the 4-inch and 16-inch depths increased with time as indicated by the
record trace at 0.5 seconds.

Strain Data from Pipes The vertical and circumferential strains recorded as a function of time at the three
gauge lines fr three tests are shown in Figures 26 through 28. Here, again, compressive strains are plotted as positive
and tensile strains, negative. These records were traced from the original test records using a Moseley Autograf Model
No. 3, and plotted to the more convenient scales shown.

Preliminary study of these figures reveals that in some respects the interaction between the soil and the pipes was
similar to that observed in the static tests. The circumferential strains were compressive at the four-inch gauge depth,
nearly zero at the 10-inch gauge depth and tensile at the 16-inch gauge depth. Further, the vertical strains at the
10-inch depth were greater than those at the 4-inch depth, and, for the steel pipe, the vertical strains at the 16-inch
gauge depth were greater than those at the 10-inch depth, except at very early times. However, for the plastic pipes
the strains recorded for the 16-inch depth were -s than thcse recorded for the 10-inch depth for tests 2 and 4 of Pipe
No. 2 and for tests 2 and 4 of Pipe No. 3. Foi tests 1 and 3 of Pipe No. 3 the vertical strain at the 16-inch gauge
depth was less than that at the 10-inch gauge dopth up to the peak (at about 12 milliseconds).

As noted previously, the sreel pipe was essentially rigid with respect to the soil whereas the plastic pipes were
not. Thus except at very early times the vertical displacement of the steel pipe at any given depth should not be as
large as the displacement in the soil at the some depth once the stress wave has passed that depth in the soil. However,
the plastic pipes were much more flexible in vertical compression as demonstrated by the static tests. The observed

200 1 . 1 . 1 . 600

Kistler Gauge - I

Soil Pressuie Gauge No. 4 - 2 (16" below surface)
Trce at tj

1 5 ! A ,! , , 1 , 0 . 5 s e e . -r5 0

tU U

2

50 150

0 J 0

-0.02 0 0.02 0.01. 0.06 o.08 0.1i
Time~ (sek-onds)

Fig. 24 Klstler Gouge and Soil Pressure Gauge Records From Dynamic
Tests No. 1 an No. 2, Pipe No. 2
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Fig. 26 Vertical and Circumferentiol Strain Records, Pipe No. 1, Dynamic Test No. 2
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difference in behavior is clearly related to this differef,,e In stiffness. Tsis matter -'i1i be+ .•ist.uss"i more fIn; "• the
section deoling with the results of the shear calculations.

During the preliminary planning of this test program it was realized that owing to the de~ign -, 01- dynamic loading
device and the method of connecting it to the tank, or soil co-tainer, a s:'rcs wave would be transmitted through the 'ails
of the tank prior to the arrivol of the gas pressure pulse at the surface of the soil sarple. Further, there was some conc.irn
as to the magnitude of the stress wave which would be transmitted to -he soil or the structure in ths taook, either through
shear at the tank walls, or, as a consequence of motion of the platform on which the equipment was mounted Referring
to Figures 26 through 28, it may be seen that a small signal was received just prior to the arrival of thte gas pressure pulse
(t = 0 sec.). Thi% small disturbance is most noticeable in the vertical strain records for the iG.- and 16-inch gauge lines.
If this disturbance were due to noise in the recording circuits it would be apparent, and of approximately the same
magnitude, in all circuits, including the circuits used for the Kistler gauge and the two soil pressure gauges. Since it
was not, it is assumed that signal is, in fact, the anticipated disturbance. In any event, it is small and did not rrareriolly
affect the records obtained. One further point should be mentioned. Just after the peak, a very high frequency oscillation
appears in all of the vertical and some of the circumferential strain measurements on the pipes. This oscillation also
appears in some of the records obtainad with the soil piessure gauges. The computed natural frequencies of the pipes and
pipe cap- are much higher than the observed frequency. Further, the rate of load application is such ihat the natural
frequencies of the pipes should not be excited. Therefore it is not logical to assume *hat it is a transient natural vibration
excited by dynamic loading.

Although the source of this apparent vibration con not be established with certainty, it is possible that it is due to
the oscillation of gas between the baffle plate and the surface of the soil sample immediately over the pipe cap. This
explanation would account for the fact that the frequency of the oscillation is constant for all tests and for the fact that
the oscillation is barely discemable in most of the Kistler gauge records. That gauge was located in the side wall of the
expansion chamber about one inch above tho surface of the soil sample, and at a considerable distance from the edge of
the baffle plate.

Variation of Vertical Soil Pressure with Time and Depth The time of azr'vol of the stress wave in the soil at the
various gouge depts con not be established|wIth great accuracy tram the records obtained. However, measurements
indicate that the pressure pulse traveled frmm from tne surface to a depth of 16 inches in about 2 milliseconds which
corresponds to n stress propagation velocity of about 670 feet per second in the send. Thus, assuming the soil to be
elastic, the pressure at any time at a depth of 16 inches would correspond to the pressure at the surface two milliseconds
earlier.

The ratio p./p is the ratio of the vertical presfsu in the soil obtained by means of the soil pressure gouge to the
pressure at the surface two millhiuconds earlier obtained from the Kistler gauge records. No data was obtained for Tests
No. 3 and No. 4 of Pipe No. 3 because soil pressure gauge No. 4 has become defective and no valid soil presure data
was obtained. Init'ally this ratio is larger than that obtained from the static tests at the 16-Inch defth. However, it
decreases with time approaching the value of approximately 0.3 obtained tram the static tests at the some depth. The
avoroge of all data is plotted as a function of time in Figure 29.

-4- 0 2 .... r1 Ice. %a . .
Fig. 29 Normmized RAtios of Vorticol Premume in Soil to Gas Prfsuw at

Srface a a Function of TimP for two D"ON - Dynamc Ta1ts
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APA, R"A A%- 97~ 1 Of % A x

Test Tlmw s~~*'4 .'p,:.

PjPe Ro.- 1; 4-Lthch Depth: Peak Pressure at Surface Z275 pal-

5.1 -1 n2.6 44.? 64-, 62.5 95.0 &.s 825.5 61.6 26 2
4 5.2 v?.8 51.1 52.t2 76. 2 96.? 86.4 87.2 54.3 2.

3 4.2 -- 14.6 p52.1 4 5. ý-.9 V-.9 49.6 59.4 21.?
4 4.1 9.1 17.0 32.8 45.6 55.5 47.5 i4d.5 41.6 2-

3 4.8 9.3 13.8 19.9 28.7 35.2 33.4  5.48 1.
4 -0.4 5.0 1*,.4 22.3 30.0 37.3 55-7 32.6 A-88 23.'

Pike No . 2; 4-inch L*2th Peask Pressure at Su.rface = 155 kau1 10 ...1
1 4.8 15.5 40.1 60.1 74.5 82.1 77. 6 76.9 65-1 56.7

2i. 1.0 3.1 52.5 69.0 75.6 72.7 73.7 60.6 24.5

n"p No. 2; 10-irch Depth

1 1.2 1.2.2 23.1 35.6 46.8 49.Ci 49ýh 50.4 57.6 43.0
2 4.1 12.1 21.2 31.0 43.7 49.0 47.6 147.2 462.0 31.5

ME. No. 2i 16.inch Ilath

1 0.2 ;2.9 13.2 20.0 27.9 30.4 51.0 31.1 26.0 19.4
2 0.7 1.5 11.6 17.2 24.4 28.5 27.1 20.1 25.6 19.p,

VM o -2;4-inch Deth: Pak Oreaasu. at &u tke. a 180 pot
3 8.2 31.4 48.8 75.2 91.1 Q6. 95.0. 94.0 71..? W61
14 8.5 n-2 143.8 66.2 84.6 91.9 9).4 93.3 s9.0 1.

afte *g. 2; 10-lnchpa~th

3 4.9 a1.1 32.9 5).0 65.3 10.6 67.7 68.7 61.5 40.7
Is 5.6 A8.5 32.8 46-1 59.9 63.9 6)..3 63.9 56.6 39.p

ani 11. 21 16i-ints top"

3 4A.3 10 6 144~ 23.9 31.9 51-2? )2.7 )2.4 29.5 22.?
4 0.9 6.6 11.5 48.u 24.8 21.6 28.5 28.3 2).1 A9.41

I1m hSo. RUM rookc ?nth ~ vba4 at ftrrocs a 122 ki.. -D k
1k .5 21.6 36.9 w4.5 71.0 ie ., 73? 73A. 551? 39.2

2 5.. l?77 34.4, 51.) 6ý.s V, 4 6686 69,5 3611 .2
3 13.3 M7. )v 4 W6. 54.. ~ t '6.. ý41 i ' W.ii.; .2.
4 5.1 16.7 31.5 W6.6 'ý7fl 61.z s8.. vt.84

Avg. 4-8 18.3 )0.8 "r,. 609 66.7 65.1 6' .5 334

1 3.6 1$-.8 23,2 k4- 4$ -,9 512. Mo. 8 1,1.6 4'.6 3).?
2 C.1 12.6 IV. 1. 42.9 169.2 ksh hi -5 I r46
1 2.9 &'1.? 113.-; 2.0 36.5 42.0 )08 4 3i. 5v,.6 2.
Is 1 1,'.$ 19-) 29.,4 ý11o A-Z 2~ -.0i "- 10 6.

Av. 3.9 13.2 -j 4 !a' ip 6 %6.* 0*.2 io35.7 2.

1CO.8 4.9 7.2. 11.6 16.2 O0.1 19k.; 19.4h 17.1 54.3
2 0.8 5.4 6.0 11.0 15.0 16.9 17.6 lb.O 1ji~lp 12 4A

3 04 5.2 ~ 13 1. 79 1. 6513.1
4 0.5 5.9 7.8 10.9 16.4 -14.1 16.1 17. 14. 1.6

ov. .6 U,% 7.1 ;1.5 16.6 17.41 17.5 I7.9 Is 7, 12.9
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SOIL-STRUCTURE INTERACTION

Using the approach on data obtained at the 4-inch depth, that is, dividing the vertical pressuie in the sc-I at 4
inches by the pressure existing at the surface 0.5 milliseconds earlier, a different picture is obtained. For this dlpti,, the
ratio is initially lower than obtained in the static tests and increases with time to the value of about 0.8 obtained frcm ýhe
static tests.

This behavior was not anticipated and an obvious explanation of it cannot be cffered. The fact that the initial
value of Pv/Po at the 16-inch depth is greater under dynamic load than under static load cannot be explained by a
reflection of the stress wave from the bottom of the tank. If the soil were elastic, the stress wave (at a velocity of 670 fps)
would have returned to the gauge depth at 4 milliseconds. It is possible that the reflected stress wave would travel faster
than the incident because it is traveling in a compressed medium which exhibits a locking stress-strain relationship when
confined. However, this would not explain the initially low value of the ratio pv/Po at a depth of 4 inches.

It is also possible that the initially lateral Pressure (psi)
high value of Pv/Po at the 16-inch depth
and the initially low value at the 4-inch 00 20 40 60 80 100
depth are related to the soil-structure
interaction.

Variation of Lateral Pressure on t=2 t=4 t-6 t-8
Pipes withTime andDPyth The results of t 10 mll-

dynamic lateral pressure calculations are 2 I I 4.-.
shown in Table 5. Only the tests which
were conducted at the same nominal peak
pressure are included for purposes of
comparison. Again, the fact that there I /
appears to be less scatter in the dynamic
test data than in the static test data, is
noted. The lateral pressure was calculated
every two milliseconds for t = 0 sec . to
the time at which the peak pressure was
reached (11 or 12 milliseconds) and at " 6

=0.1 sec. and at t =0.5 sec.
In Figure 30, the average lateral 2

pressures calculated at 2, 4, 6, 8 and 10
milliseconds for the four tests in Pipe No.
3 are plotted as a function of depth. The
propagation of the stress wave in the soil -U
is evident. For example, at 2 milli-
seconds, the approximate time of arrival
of the stress wave at a depth of 16 inches,
the average lateral pressure at that depth
was about 0.6 psi. However, there is no 10
evidence of a significant reflection at the
stress wave from the bottom of the soil
container, here.

Variationt of Kf with Time and 12
QDet A summary of the calculations of
te vaiue of the ratio of the effective
icaeral pressure to the vertical pressure
In the soil at the samo time and depth are
included in Figure 31. Of particular __,___/

;mportance is the fact that the average
value of Kf at the 4-inch depth was
approximately 1 at t = 0.004 sec. and
that, initially at least, the soil appeared
to behave as a viscous fluid. Note that
the value of Kf at this depth decreased 16

with timn.
At the 16-Inch depth the value of Fig. 30 Lateral Pressure as a Function of Depth at Various

Kf appeared to increase slightly Yith time, Times, From Dynamic Tests of Pipe No. 3
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ANALYTICAL AND EXPERIMENTAL STUDIES, I1

the average value for all times being about 0.45 which is about 10 to 15 percent higher than the value obtained from the
static tests.

Variation of f with Time and Depth A complete summary of the shear calculations for the dynamic test series is
contained in Table 6. Although there is considerable scatter in the computed value of f at 2 milliseconds, the results are
notably consistent after that time. Again it is noted that the value of f is obvia'isly dependent upon the state of compaction
of the soil sample; the first and third and the second and fourth tests of Pipe No. 3 produced very similcr results. The same
pattern is evident in the tests of Pipe No. 2 even though the peak pressure was differenit for the two sequences. In each
case the soil was better compacted for the second test of the sequence than for the first as explained previoL1sy.

The average values were computed to show the trend of the data and to assikt in the interpretation of the test
results. Because of the change in density from one test to another these data are obviously not from the some population.

Referring first to the tests of Pipe No. 1; between the 4-inch and 1G-inch gauge lines the computed values of f are
initially very nearly the same ns those obtained from the static tests. After that, the value of f decreased with time until
the time at which the peak pressure was reached. After the peak, the computed values of f increased as anticipated.

Table 6

Summary of Shear Calculations (f) - Dynamic Tests

Test Time (,illlseccAids) Surf. Pre&. (psi)
No.

2 4 6 8 10 Peak 100 500 200 100

Pipe go. 1; 4-inch to 10-inch C~auge LUne

1 0.95 1.00 o.34. a.7 0.76 0.76 0.80 0.80 0.84 o.62
2 0.85 1.11 0.85 'n 0•.77 0.78 o.8v 0.80 0.99 0.75
3 0.95 0.73 o.6V ý.. 0.66 o.64 o.62 -- o.69 0.74
4 0.9 1.53 '"98 o.80 0.75 0.70 0.73 -- 0.84 o088

Avg. 0.92 1 09 0.83 0.76 o.74 0.72 0.79 0.8o 0.84 0.74

Pipe No. 1; iC-inch t) 16-Inch Gau&@ Line
1 -1.o0 0.52 0.69 0.76 o.74 0.78 0.78 0.81 1.01 1.34
2 -0.;8 o.2 1.98 o.-1 0.85 0.88 o.83 0.91 1.08 1..•0
3 0.14 02.1 0.37 ('-i9 0.43 0.39 0.16 -- 0.57 O.T7
4 -0 25 -0.07 0.39 0.36 0.53 0.53 0.51 -- 0.69 0.89

Avg. -0 45 0 22 0.74 0.57 0.64 0.65 0.65 0.86 0.84 1.08

Pipp No. 2; 4-Inch tc V)-inch Gauge Line 100 50

1 -0.52 0.72 0.13 0.08 0.10 0.10 0.15 0.16 0.26 0.41
2 0.o0 0o..5 0.08 0.02 0.03 0.05 0.08 0.07 0.20 0.93
3 0.53 0.20 0.114 0.08 0.08 0.09 0.12 0.12 0.25 0.36
4 0.13 0.27 0.12 0.04 0.04 0.04 0.07 o.o6 0.2110 0.41

Avg. 0.14 0.3(2 0.12 0.06 0.06 0.07 0.11 0.10 0.23 0.53

Pipe No. 2; 10-inct: to 16-inch Gauge Line

I 0.96 0.12 -0.17 -0.10 0.01 0.12 0.16 0.16 0.24 0.34
2 -1.50 -1.25 -0.42 -0.31 -0.20 -0.10 -0.07 -0.06 0.08 0.25
3 0.30 0.03 -0.12 -0.08 -0.06 -0.04 0.01 0.00 0.07 0.36
4 -0.94 -0.48 -0.35 -0.34 -0.26 -0.22 -0.19 -0.?.' -0.12 0,12

Avg. -0.39 -0.32 .0.25 -0.21 -0.13 -0.06 -0.02 -0.03 0.07 0.27

Pipe No. 3; 4-inch to 10-inch Gauge Line

1 0.23 0.24 0.12 0.09 0.09 0.1-1 0.114 0.14 0.31 0.4)
2 0.34 0.27 0.12 0.07 0.05 0.08 0.09 0.09 0.24 0.39
3 0.43 0.22 0.09 0.05 0.05 0.07 0.10 0.10 0.25 0.50
I, 0.39 0.20 -0.01 0.01 0.01 0.02 0.014 0.04 0.18 0.38

Avg 0.35 0.23 0.08 0.06 0.05 0.07 0.09 0.09 0.25 0.43

Pi':e No. 3; L-inch to 16-inch Ga&e Line
1 -o.o0 -o.08 -0.28 -0.26 -0.13 -0.06 -0.03 -0.03 0.10 0.32
2 -0.98 -o.61 -0.65 -0.44 -0.3? -0.23 -0.21 -0.22 0.10 0.38
3 -1.15 -0.29 -0.38 -0.27 -0.19 -0.09 -0.09 -0.09 0.10 0.22
4 -1.04 -0.70 -0..43 -0.48 -0.34 -0.29 -0.27 -0.25 ..

Avg. -0.79 -0.42 -0.43 -0.36 -0.26 -0.17 -0.15 -0.15 0.10 0.3]
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Between the 10- and 16-inch gauge lines, the computed value of f was negative at t = 0.002 indicating that at this trne
the pipe was moving downward relative to the soil. This behavior is not unreasonuble since the time of or;.ral of t.e
pressure pulse in the soil at a depth of 16 inches was 2 milliseconds. Subsequently the value of f increased and at 4 milli-
seconds was positive indicating a reversal of relative motion between the soil and the pipe.

Turning te the results obtained from tests of Pipe No. 2, between the 4- and 10-inch gauge lines the soil was
apporentiy moving down relative to the pipe initially. With increasing time the computed values of f decreased approaching
zero for the period between 6 milliseconds and 12 milliseconds, indicating that the soil and the pipe were moving together
for all practical purposes. Between the 10- and 16-inch gauge lines: the pipe was moving down relative to the soil during
the entire period of loading. The fact that the computed velues of F incre,sed to about zero by the time the peak was
reached indicates that the pipe and soil were moving together by that time.

The results of the tests of Pipe No. 3 were essentially the same as those obtained from the tests of Pipe No. 2. The
differences noted can all be explained by the fact that Pipe No. 2 was stiffer. In fact, the relative behavior of all of the
pipes was the some under dynamic loading as under static loading when due consideration is given to the differences in the
velocities of stress propagation in the soil and the pipes.

Values of f computed for the period of unloading after the dynamic tests were somewhat less than those obtained
from the static tests but, in general, followed the same trend; that is, the computed values increased during unloading.

SUMMARY AND CONCLUSIONS

Tahough there was some scatter in io.a data obtained (see Figure 13), it is considered that the soil pressure gauges
performed satisfactorily under static load and their performance under dynamic loadwas even more consistent (see Figures
23 through 25). Gauge No. 3, placed 1.5 inches below the surface for all tests, recorded essentially the same pressure-
time function as the Kistler gauge which was placed 1 inch above the surface of the soil in the side wall of the transition
ring. Gauge No. 4, which was variously located at depths of 4 inches, 16 inches and 24 inches below the surface gave
markedly consistent results.

The vertical load transfer at the soil-structure interface was strongly affe:ted by the compaction of the soil for the
tests of the plastic pipes. Although the soil was compacted by vibration durinp placement and by static application of a
gas pressure equal to about 100 psi prior to test, the vertical strain in both Dlasttc pipes was much less in the second of the
two tests conducted in each sequence. This behavior was not marked in the tests mf the Jteel pipe, primarily because the
steel pipe was essentially rigid compared to the soil.

The fact that the circumferenticl strains were tensile rather than compressive at a depth of 16 inches below the
surface is considered important. This behavior was observed in both static and dynamic tests of all pipes, and, it can be
predicted for full scale structures so long as the structural response is within the eCastic range.

To extrapolate the results of these tests into the range of plastic behavior of full scale structures could lead to
erroneous conclusions. However, it does appear that ut depths oalow. one diameter, for cylindrical shells surrounded by
soil and resting on a "rigid" foundation (such as bedrnck) thn longitudinal sirain in the shell must reach the proportional
limit before compressive circumferential strains can be developed. Whether the development of plastic response in
longitudinal strain would constitute failure of the structure would depend on its function and the material of which it is
made, among other factors.

1.2 1 ~~-

1.0o -

1 I•-inch Depth

S0.81

0.6 -

0.34
16-inch Depth0.2 __Il

0 2 i4 6 810 12 100
Tlae (willigeconds)

Fig. 31 Variation of K fwith Time for Two Depths, Dynamic Teits
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ANALYTICAL AND EXPERIMENTAL STUDIES, II

The variation of vertical pressure in the soil in the container can be predicted with reasonable accuracy, under
static load, using a simple exponential expression (Figure 17). However, under dynamic load the normalized vertical
stress in the soil was initiully higher at a depth of 16 inches than at a depth of 4 inches (see Figure 29). With time, both
approached the values obtained during static load. This peculiar behkvior may be related to the soil-structure interaction
under dynamic load and it affected significantly the values of Kf at a depth of 4 inches.

Lateral pressure calculations for the static tests are summarized in Figures 18 through 20, and those for the dynamic
tests in Table 5. Figure 30 shows the variation of the average lateral pressure with depth for various times during the four
dynamic tests of Pipe Nc. 3. The propagation of the stress wave in the soil is clearly reflected in those curves but there
is no indication of a significant increase in lateral pressure which would result from the reflection of the stress wave from
the bottom of the tank.

As explained under Analytical Considerations, the ratio designated Kf herein is not the same as K as defined in
theoretical soil mechanics because of the anticipated shear at the soil-structure interface. Calculated values of Kf
obtained from the static tests are summarized in Figure 21. Those obtained from the dynamic tests are summarized in
Figure 31. The values of Kf obtained from the static tests appear to vary with pressure and depth. It is interesting that
when the shear calculations indicate that the value of the shear at the interface is very small, the average value obtained
from the five tests of Pipe No. 3 at a depth of 16 inches approach the value (K = 0.41) obtained by Hendron (6) in one-
dimensional compression tests of the same sand.

Under dynamic loading, the average v&'ue of Kf at the 4-inch depth was about 1 at t = 0.004 sec. then decreased
to a value of approximately 0.7 at t = 0.5 sec. At the 16-inch gauge line, the average value of K f increased from about
0.35 at t = 0.004 sec. to a value of about 0.5 at t = 0.5 sec. (see Figure 30). These data are perplexing. If the
initially high value of Kf at the 4-inch depth were the result of a difference i the interaction between the soil pressure
gauge and the soil under dynamic as compared to static loading, the same trend should be apparent in the results obtained
with the same gauge at a depth of 16 inches. However, exactly the opposite behavior is indicated at the latter depth.
Comparing the lateral pressures calculated at the four-inch depth under static and dynamic load for the same applied
surface pressure, it may be seen that the lateral pressures are approximately equal. This is confirmed by the circumferential
strain data. Therefore it is tentatively concluded that, at the 4-inch depth, the vertical pressure in the soil is lower
initially iinder dynamic load than under static load; then approaches the static value with time as indicated in Figure 29.
This behavior may or may not be important, depending on whether it is a function of the dimensions of the structure or
confined to a shallow layer of soil near the surface. However, it is believed to be worth further investigation.

As used in this document, f is a measure of the magnitude and direction of the shear at the soil-structure interface.
Its absolute value should be limited by the coefficient of friction between the soil id the structure or the tangent of the
angle of internal friction in the soil, which is smaller. For the static tests the shear calculations are summarized in
Table 4 and for the dynamic tests in Table 6.

From the static tests of the steel pipe it may be concluded that the angle of internal friction of the soil was about
430 which is high but not unreasonable forthe sand employed in its highly compacted state. The average value of f obtained
from these tests was 0.934. During the dynamic tests of the steel pipe, the values of f computed at 2 milliseconds between
the 4- and 10-inch gauge lines were approximately equal to the values obtained from the static tests. However, after
4 milliseconds the computed values of f at the same depth decreased to about 0.75. This difference may be due to the
fact that the soil is in motion.

Between the 10- and 16-inch gauge lines on the steel pipe the initial value of f was negative indicating that
between these gauge lines the pipe was moving down relative to the soil at two milliseconds. This behavior is different
from that observed during the static tests but is consistent with the fact that the pressure pulse took approximately
2 milliseconds to reach a depth of 16 inches in the soil,whereas the time required for the stress wave to reach the bottom
of the pipe was on the order of 0. 1 milliseconds. At 4 milliseconds the computed vaiues of f were positive and then
continued to rise to a value of about 0.65 by 12 milliseconds, and, subsequently to a value of about 0.86 by 0.5 sec.

In a similar fashion, values of f obtained from both static and dynamic tests of the plastic pipes may be used to
explain, and can be explained by, the interaction between the soil and those structures. However, the specific values
obtained have no generai application and will not be repeated here.

A significant difference in behavior was observed between the static and dynamic tests of the plastic pipes in the
soil. Under static test load the pipes tended to move with the soil between the 10- and 16-inch gauge lines. Further,
the vertical strain at the 16-inch gauge line was greater than that at the 10-inch gauge line for all tests indicating that
load was being transferred from the soil to the pipe as the soil-structure system sought equilibrium at each pressure level.

Under dynamic loading, however, the vertical strain at the 16-inch gauge line was initially less than that at the
10-inch gauge line and the shear calculations confirmed that the pipes moved down with respect to the soil between these
gauge lines. This behavior was anticipated and can be explained "y the fact that the velocity of stress propagation in
the pipe was very much higher than in the soil. As a consequence of the difference In arrival times, the pipe underwent
vertical displacement prior to the arrival of the stress wave in the soil.
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Conclusions
Despite the limited number of tests performed several conclusions may be drawn. However, before presenting them,

it should be stated that one of the most significant facts demonstrated by this investigation is that the equipment employed
may be used effectively to study soil-structure interaction under static and dynamic loading. Although a pressure rise-time
of I I to 12 milliseconds wos employed for this test series, the dynamic loading device is capable of producing equal pressures
with a rise-time of only 3 to 4 milliseconds. The shorter rise-time is still riot sufficient to excite dynamic response in the
structures employed but is short enough to produce greater dynamic response in the soil sample.

It is concluded that:
I. The performance of the soil pressure gauges justifies further development effort. It is believed that

improved performance can be obtained by reducing the length of the gauge to about 0.25 inches.
2. In addition to performing their primary function as test structures, the pipes were very effective gauges.
3. Under static load, the value of Kf at 4 inches below the surface was higher (Kf2 0.5 to 0.6) than at a

depth of 16 inches. This relatively high value of Kf is believed to result from the depression of the
surface of the soil around the top of the pipe. At a depth of 16 inches below the surface the value of
Kf increased from a value of about 0.3 at low pressures to about 0.4 at higher surface loads.

4. Despite the limited number of tests conducted with a soil pressure gauge at a depth of 4 inches, there
is reason to conclude that initially the soil behaved much as a vit5.ous fluid down to a depth of at least
4 inches, under dynamic load. At a depth of 16 inches the computed values of Kf were only slightly
higher than those obtained during the static tests (Kf f 0.45).

5. Under both static and dynamic loading, as a consequence of the transfer of load from the soil to the
structure, circumferential strains at a depth of 16 inches were tensile rather than compressive. This
behavior can be predicted for large cylindrical shells in soil, with similar foundation conditions and
under similar loading conditions. Further, at all depths the vertical strains recorded were much larger
than the circumferential strains. Additional research is required to determine the significance of these
facts to the design of such structures.

6. Additional studies are required before it will be possible to predict the dynamic interaction between a
cylindrical shell, such as those tested, and soils in general. The tests conducted, however, confirmed
qualitative predictions of the interaction between a fine sand and simple shell structures responding
within the elastic range, and furnished some data which was not previously available.
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APPENDIX A

LATERAL VIBRATION OF A CYLINDRICAL SHELL SURROUNDED BY SOIL

Effect of Soil on Natural Frequenicies
The vibration of cylindrGocalsll subjected to a dynamic, radially symmetric pressure is governed by the following

equations of equilibrium:

a x a2u

NQ N ) 2 2

Sph (A-2)

~X R aX at
From Equation A-3:

E)Mx - Q = 0 (A-3)

c x x

Therefore Equation A-2 may be written:

a2M. N 2 w 2+--+ N + P= h a-Y (A-'4)
ax Xcxct

aat

Now, for the case of a cylindrical shell in soil, any motion in the radial of z-dlrection will change the value
of the lateral pressur.at the soil-structure interface with which the structure is in equilibrium. If the shell moves inward
(i.e., w is positive according to the notation established) the value of p would decrease; if it moves outward the value of
p would increase. Assuming the soil to be a visco-elastic medium this variation might be expressed as:

P•)w -w- (A-5)p = KoPv - kw - cvc5-- (-5

where, according to standard terminology in soil mechanics, Kopv is the lateral earth pressure at rest and k is the sub-
grade modulus. The term cv(aw/at) accounts for the viscous properties of the medium and serves as a mechanism by
which energy may be dissipated into the soil from the structure.,

Substituting Equation A-5 into A-4 the following equation is obtained

a2Mx N a 2 w k Ow 2
+ x -7- + KoPv - v ct W (A-6)

x ') v K0 skw vt h
C~a t

Mx, N yand N may be expressed as:

MEh 3 a 2 w
x 1 2(-2

12(1- V

Eh

1-v

N Eh w _Qv )

Letting B Eh 23..2) and D = E and substituting as appropriate In Equation A-6 yields:
12(1 - ) -v
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4 D w N 2

rDV -! )+ NL;+ Kv- kw - cv• h

ax C Kx att a P

Assuming that only lateral vibrations are involved and that N V ýx = 0, the preceding equation muy be
written as:

rý4 w D k K 0p vc Vh2
-'w+ ,D K ov Cvw _ph (A-7)

Equation A-7 is recognized to be the equation of damped vibration of a beam on an elastic, foundation which may
6e solved by separation of the variables. For hinged ends the solution is:

S L~t 2'1-.•pf t!w[• C I s rn t 4 (2 cos sin nxg
n=l n "T

where 22 r 4  4  1/2

Note that the natural circular frequencies of vibration of a beam are

-2 2

so that the entire expression within the brackets amounts to a correction factor which must be applied to the beam
frequencies to obtain the shell frequencies.

Since p is the natural circular frequency of vibration of the shell in the nth mode, the effect of the subgrade
m)uL in t~ielrequencies of vibration may be obtained by examining the terrm within the brackets. The tqrm
DL/n•4BitR accounts for the stiffening effect of the curvature of the shell on the "beam" and the teom kL /nA 4 B
accounts for the stiffening effect of the soil. Dividing the latter term by the former yields a ratio, kR /b), by which the
relative importance of the subgrade modulus con be evaluated for a given case. Values of k, obtained by others (10)
for well-comncted cohesionless soils are on the order of 200 pst per Vnch of deflection. For the shells employed in this
test program R O 4 and D varies from about 125,000 to about 3.6 x I00. Thus, for these shells, the effect of the soil
on their naotral frequencies in lateral vibration Is negligible. Therefore, the equation for the undamped notural
frequencies of lateral vibration may be expressed as:

2 2 2 4 1/2
n v Eh I + 121. (A-8)
L 12(1-V2) n irhIt

The fundamental natural period of lateral vibration, then Is:

T -27 (A-9)

Using Equrtlon A-9 the fundamental natural periods of lateral vibmtion of the pipes used for those experlwmets
were calculated. The fundamental naturl period for the steel pipe Is about 0.06 mIlliseconds whereas the upw period
for the two plastic pipes Is about 0.2 milliseconds. Since the rise time of the applied dynamic prmure pulse would be
on the order of 10 milliseconds It was apparent that no dynamic reiponso of the shells could be anticipated unless the
fact that the pulse would be traveling along the shell excited some resonant frequency.
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Effect of a Travelling Load
The problem of itresponse of a simply supported beam to a moving conrtant 'kirce has been solved '11). If the

damping effect of the soil is ignored, fhat solution is valid for the response of ac ,r "- . she'l to a radially symmetric
force moving in the direction of the axis of the cylinder when Equation A-8 is subsrtruted for the h-.om frequencies. Per-
forming the substitution it may be seen that the deflections will go to infinity (i.e., a resonant condition exists) when:

4 22 2

4 DL4 n c 2 PhL2
r= -- T• =

8v R 817

where c is the velocity of the stress propagation in the soil.
Solving for c:

and since B Eh3/12(0- V2) , and D = Eh/(1-v 2) the critical velocities are a function of the shell properties and
dimensions. Specifically, the criticai values at c ore defined by

2~F7 2
¢- n - h .. 12L2

p4(4-2

Note that h2/L 2 is very small for the pipes tested and that Nf 7E is the velocity of stress propugation in the
shell so that for the lowest modes the critical velocities may be expressed as follows:

I L FE

The approximate critical velocities for the first five modes of the steel pipe and the two plastic pipes are
listed below on the right.

The anticipated velocity of stress propagation in the
soil was about 1000 fps, which would excite only very high Mode Pipe
frequency response. The response contributed from the very Number
high freqtemcles which might be excited is not only small but Ste~1 PVC
would undoubtedly be heavily damped.

1 70.350 2 1 3 30
2 •35,175 (k,.[•

APPENDIX 6

A GAUGE FOR MEASURING VERTICAL PRESSURE IN SOIL

Introduction
T•hproblem of the measurement of straw air strain within a soil moss ha plagued s@lts research from Its bginnings

and has not beo solved setisfoctorlly as yet. The ideal insrumen for making such measurements would hove propties
tha match perfectly those of the soil sutrounding it, would repond perfectly to static and dynml,; loods and be
Inexpensive and small. N.- single gauge now available eaodxles these features although a great onmmt of research
effort has been expended on the dwelopment of such a pressure gauge.

When fhe experimental progro described in the body of this report was conceived thre was no small, reliable,
inexpensive, soil presure gouge aoltable. Itecgnizing the many problem Involved, an otteop was made to develop
such a gouge.

525



SOIL-STRUCTURE INTERACTION

Description of Gouge
In its final form the soil pressure gauge consisted of a solid cylinder of epoxy resin, about 1 inch in diameter and

1 inch in height, in which two Tatnall Metalfilm Epoxy-Back, C6-121, strain gauges were imbedded. One of the strain
gauges was oriented to measure strain along the vertical axis and the other, at right angles to the first, was oriented to
measure radial strain in the cylinder. A photograph of one such gouge is shown in Figure 32.

The gauge was made by pouring a disk of epoxy resin about 0.25 inches thick in a I-inch diameter mold. After it
has set for at least 24 hours the disk was taken from the mold and cut into two pieces exposing the centerline of the cylinder.
The surfaces of the disk to which the gauges were to be attached were then polished and cleaned. The strain gauges were
then glued to the half-disk of epoxy resin using Eastman 910 adhesive. Leads were soldered to the gauges after the glue
had set.

The dove with leads attached was then placed in the mold and 1.5-inch extensions were cast, one at a time to
each end so that the over-all length of the gauge was about 3 inches. This length was chosen to avoid the effect of end
restraint during the unioxial compression tests to be described. At this stage the gauge was baked at 250°F for 24 hours
to relieve shrinkage stresses. The baking was found to be necessary to raise the proportional limit of the gauge to 500 psi.

After obtaining the characteristic properties of the gauge under uniaxial compression, approximately one inch
was cut off each end producing the gauge shown in Figure 32.

Uniaxial CuTpression Tests
Uniaxiai compression tests oi eahG gauge vere conducted by means of a modified platform scale. The total load

on the gauge was raised in 40 pound increments from 0 to 360 pounds and the vertical and horizontal strains waere n'easured
on SR-4 strain indicators at each load increment. From these tests the value of the modulus of elasticity (E) and Poisson's
ratio (V1) were obtained for the gauges subsequently used in the experimental work discussed in the body of this thesis.

Four such tests were conducted on each gauge. The results obtained were within two percent of the average value
of strain at each load level.

Calibration Tests in the Soil Environment
For these tests the gauges were placed at various depths in the some sand and in the same tank subsequently used

for the soil-structure interaction studies. The objective of the tests was to establish a calibration curve wbich could be
used to determine the pressure as a function of depth in the soil.

It was recognized that because the plastic cylinders were stiffer than the soil they would "attract" load so that
the vertical strain in the gauge corresponding to a given pressure in the "free-field" would be higher than that obtained
for the some pressure under unlaxial load. That is, the existence of the gauge in the soil would disturb the "free-fleld"
stres distribution and the total load on the plastic cylinder would be greater than the load an an equivalent area in the
"free-field" at the same depth.

Further, as a consequence of this "negative arching" action, the lateral pressure on the sides of the plastic
cylinder would be less than might be predicted In the free-field. Ho*-ever, the laterally oriented strain gauge was not
used to determine the ratio of lateral to vertical stres In the soil. This measurement was used only to determine whether
the arching around the gauge was constant as a function of
depth In the soil.

It was reasoned that so long as th soil pressure
gauge were at a sufficient distance from any boundary,
arching should not vary as a function of depth but only as
a function of pressure. If this were hte the gauge could -

be calibrated to measure the pressure In the soil. However,
t was also cler that It would have to be callirated f•r

the soil in which It was to be used. •"
A total of 25 tests were conducted with soil

prsure gouge 4 at various deptisj 4 at the surface, 6 at
I inch, 4 at 2 Inches, 4 at 4 Inchm, and 7 at 16 Inches
below the surface. The reults of these tests am plotted
in Figure 33 where each data point mpresents the average
of data obtained at the depth Indicated.

The veMtical strain recorded as a function of surface
pressure showed c-nsirwable scatter particularly at a depth
of I Inch (se Figuire 34). As a consequence of this
scatter and the limited nunber of tests It was not possible
to establish by statistical analysis that the data obtained at
the one-Inch and two-inch depth an not part of the same Fig. 32 Soil Prosu Gouge Dovell"d
population. fe E e ntl P1001
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The ratio of lateral strain to vertical strain in the gauge was calculated at three depths (see Table 7). A
significant and interesting point is that at depths below the surface the lateral strain in the soil pressure gauges was tensile
at all pressure levels. The arching of the soil around the gauge was such that the effective lateral pressure on the gauge
was very nearly zero.

Vertlcal Staisn (micro-irW.es/Inch)

500

4'

C

a 6

I 0

M LLLlii
16 -

Fig. 33 Variation of Vwtlcal Strain In Soil Preure Gouge No. 4 with Dth

Table 7

Conparbon of Ratio of Loteral to Vetical Strain In Gouge No. 4 at Tm Depth

prsue ...... . .. Vetia ,04tl n~~a nilea Is e l II Il l Lo mi

(ps 1) Strain fltnaa v--si stral straint %Kfi_* ft"& ftn11l V•~

100 .5 .175 0.0, 45 .)6 0.0121 jOa 4.016
150 .,5 m6 0.06 T7 .$25 .0.15 -h.o .0.1
too 0o .55n .-003 110 16% .0.1•0 -. 14
2o *o5 W10 .0.46 4- .0.11 -11 4.f0
300 60 $15 4.11 175 .100" .11 I? -lA1m.1

WO105 .735 4.lb 2)0 -0537 40.17

t1qee: (1) All stralms gIve In Wero-ltacha per Loch.
(2) IMIe $ImV* artiereams or ll tests at each depth.
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SOIL-STRUCTURE INTERACTION

However, when the top of the gauge was flush with the surface the lateral strain in the gauge was compressive
at lower levels of pressure and tensile at higher levels of pressure. It is not clear why this reversal occurred, but the
fact that it did occur indicates that the interaction between the soil and the gouge is significantly different from that at
depths such that arching can occur.

Based on the results obtained from these limited tests, additional tests were conducted with pressure gauges No. 3
and No. 4 at a depth of approximately 1.5 inches. Calibration curves for these two gouges were prepared assuming
that the vertical strain obtained at this depth corresponded to a free-field pressure equal to that applied to the surface of
the soil. That is, it was assumed that the load transferred to the walls of the tank (approximately 24 inches in diameter)
would have a negligible effect on the vertical pressure in the soil at a depth of 1.5 inches near the center of the soil
sample. The calibration curve for gauge No. 4 is shown in Figure 35.

I" I -_______

- I I ... . . "

I.Mo.

- I

Ia m - .. ...I .....s

SS aSrfoce (poi) Semen (mlcao-incho/inch

Fig. 34 Vu~tikol Strom In So1 P0msur Gou No. 4 Fl13. 33 Colibrotiwe Curve lot Soil
ase• Function E Suieoco Nmuu, - i-inch Prgsa Gog N.. 4
O~h

323



SESSION EIGHT-THURSDAY PM
DESIGN AND PROTOTYPE STUDIES

SESSION CHAIRMAN: DON A. LINGER

TABLE OF CONTENTS page

PROTECTION OF UNDERGROUND STRUCTURES BY ARCH ACTION ASSOCIATED
WITH THE IMPERFECT DITCH METHOD OF CONSTRUCTION, Merlin G. Spongier 531

MEASUREMENTS OF SOIL-STRUCTURE INTERACTION ON PROTOTYPE PROTECTIVE
STRUCTURES, Ralph H. Slevers, Jr. 547

THE DESIGN OF BURIED ARCHES TO RESIST BLAST LOADS, William J. Flothou
and Richard A. Sager 554

FORCE TRANSMISSION DUE TO COHESIVE SOIL-FOUNDATION INTERACTION
UNDER VIBRATORY LOADING, Robert L. Ko.dner 574

THE THEORY OF LIMITING EQUILIBRIUM FOR AXISYMMETRIC PROBLEMS: A
COMPARISON WITH EXPERIMENT ON SILO SKIN FRICTION, C. J. Coitantino
and A. Longinow 583

529



Participants in Session Eight were, left to right, Don A.
Linger (Session Chairman); C. E. Eckberg (presented paper
by M. G. Spangler); R. H. Sievers; R. L. Konder; A.
Longinow; and W. J. Flathau.

530



PROTECTION OF UNDERGROUND STRUCTURES BY ARCH ACTION ASSOCIATED
WITH THE IMPERFECT DITCH METHOD OF CONSTRUCTION

by
Merlin G. Spangler*

Marston's Theory of Loads on Underground Conduits is a classical procedure for the evaluation of arching
phenomena in the soil overburden above an underground structure. It has a history of more than fifty years of theoretical
and experimental research, and 0f successful application and experience in the sewerage and allied fields of engineering
practice.

Arch actioi and the equal and opposite arch support play a tremendously important role in the development of
earth load on a structure. Under some circumstances, such as the case of a pipe in a trench, its effect is favorable; that
;4, it reduces the load as compared to the dead weight of the prism of soil lying above the structure. In other cases, such
as some installations of culverts under embankments, avch action may be inverted and the load on the structure may be
considerably greater than the weight of the overlying prism of soil. The purpose of this paper is to review the various
aspects of the Marston Theory, giving special attention to the Imperfect Ditch Method of Construction, by which the
prirn. inles of arch action arid arch support are employed to minimize the load on a buried structure. This method of con-
struction has been rather widely used to reduce the static ea-1-h load on highway culverts, and its use is growing as heights
of embankments increase due to upgrading of standards for sight distance and curvature to accommodate faster and greater
volumes of highway traffic. To the best of the author's knowledge, the method has not been employed in connection with
structures :ubjected to shock or dynamic loads. However, it is his opinion that the basic principles of the method may be
eff-ct`v, in minimizing loads of this character, as well as static earth loads.

For purposes of load calculation, underground conduits are conveniently classified on the basis of their con-
struction environment which influences differential settlements of the structure and its overlying prism of soil, in relatiir
to settlements of the adjacent masses of soil. This

Figure 1.

TABLE 1
CLASSIFZATION OF UNDERGROUND CONDUITS

I. Ditch Conduits

II. Projecting Conduits Natural (,
A. Posit've

1. Complete Projection Condition I. D0 C.weit II-A. Pak" Prm•ti cant

2. Incomplete Projection Condition
3. Complete Ditch Condition
4. Incomplete Ditch Condition

Exrmwta WA Will
B. Negative Na~tural sou'io wESith anWmi

1. Complete Ditch Condition --------

2. Incomplete Ditch Condition •Lom licit te

Ill. Special Cawes Natura

A. Imperfect Ditch Conduits 0 :_-L
1. Complete Ditch Condition II-B. tpaitve Prc*lin Conduit III. imp in Ditch ctonuit

2. Incomplete Ditch Condition

Fig. I Classification of Underground Condc,',

*Research Professr o'fCivil Engineering, Iowa State University, Ames, Iowa.
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SOIL-STRUCTURE INTERACTION

A Ditch Conduit is defined as a structure which is placed at the bottom of a ditch and then covored with backfill
up to the natural ground surface. Sewers arid drains are typicl examples of this type of instilsation. Projecting Conduits
ore structures installed with their tops at an elevation near the natural ground surface and then covered with an embankment.
If the top of the structure projects above the ground surface it is a Positive Projecting Conduit. If it is placed in a shallow
trench and the top lies below the ground surface, it is a Negative Projecting Conduit. A transition case which is sometimes
recognized is the Zero Projecting Conduit, wherein the top of the structure is level with the natural ground surface. High-
way and railway culverts are typical examples of these classes of structures. Imperfect Ditch Conduits are first installed as
positive projecting conduits. Then the soil at the sides and for some distance above the top is thoroughly compacted, after
which a trench is excavated directly above the structure. This trench is refilled with highly compressible material and the
embankment is completed to grade in a normal manner. The deeper the imperfect ditch and the more compressible the back-
fill soil, the greater will be the reduction in load on the structure. Or, saying it another way, the greater will be the arch
support action by which a portion of the weight of the prism of soil above the structure is transmitted to and carried by the
adjacent columns of soil.

In connection with the development of load on an underground structure, arch action is considered to be the
resultant of lateral thrust and vertical shearing forces which are mobilized on certain vertically oriented planes in the soil
overburden. In the case of ditch conduits and negative projecting conduits, the vertical planes are coincident with or rise
above the sides of the trench. In the case of positive projecting conduits and imperfect ditch conduits, the planes in
question rise vertically above the sides of the structure.

The magnitude of arch support can be evaluated by means of the Marston Theory. It represents the algebraic
difference between the dead weight of the overburden soil and the earth load to which the structure is subjected, as
indicated by the load formula. For ditch conduits, this load formula is derived by considering the forces acting on a thin
horizontal slice of backfill material, as shown in Figure 2. The summation of vertical forces on the slide equal zero.
Therefore

V + dV + 2Ku'-dh = V +wBddh (1)

This is a linear differential equation, the solution for which is

V wB 2 I-e"2Ku'(h/Bd) (2)
d 2Ku'

At the elevation of the top of the conduit, h H; and by substituting this value in Equation 2, we obtain an expression
for the total vertical pressure on the horizontal plane through the conduit top. Thus Equation 2 may be written,

Wc CdWBd 2  (3)

in which
Wc = load on conduit, plf
w = unit weight of backfill, pcf
Bd = width of ditch at top of conduit, ft.

C = a calculation coefficient = 1 -2K u'(VBd)

d2K u' 
(4)

e = base of natural logarithms
K = ratio of lateral pressure to vertical pressure
u' = coefficient of friction between baclfi II and sides of ditch
u = ton 0, the coefficient of internal friction of the backfill soil

Values of Cd can be taken from the curves in Figure 3.
As stated above, the magnitude of arch support is the algebraic difference between the weight of backfill and

the load on the structure. For the case of ditch conduits, this difference is

As = wBd(H - CdBd) (5)

in which
As = arch support, plf (support derived from both sides of the ditch).
The lateral and vertical forces which constitute the arch action and arch support at any point below the ground

surface are shown in Figure 4. The force B is the lateral pressure of the backfill against the side of the ditch and B' is its
equal and opposite reaction. The force A is the shear force at the point and is equal to B times the coefficient of friction
between the backfill and the ditch side, while A' is its equal and opposite reaction. The force C and its rmaction C' are
the resultants of A and B and of A' and B' respectively.
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The maximum value of the Ground surface
vertical shearing force and resistance
(forces A and A' in Figure 4) is the
shear strength between the backfill
and the ditch sides. This maximum
value defines the limiting amount of X
arch support which is available to j
help carry the weight of the backfill. >
All of the backfill weight in excess of d
the arch support is transmitted to the C wBddh BKu' A

pipe at the bottom of the ditch. The dM .d

shearing strength of the soil is fully K V dh1 dh
mobilized by downward movement of Id

the backfil!, due to settlement of the
structure into its bedding plus corn- +
pression strain or consolidation of the
backfill. The magnitude of this down-
ward movement will normally be
sufficient to fully mobilize the shear
strength of the soil; and having been d

mobilized, it continues to be effec- -1 d
tive because of the tendency for I
downward movement, even though I
actual finite movements have ceased.
The permanent character and effec-
tiveness of shear strength and B
accompanying arch action in the c
overburden soil has been demonstrated
by experiments at Iowa State Univer-
sity, wherein the measured loads on
three underground conduits remained
nearly constant over a period of 21
years.

If the conduit is installed in Fig. 2 Free Body Diagram Ditch Conduit
a tunnel in such a manner that the
overburden soil is undisturbed, it may
be appropriate to consider that cohesion is an effective contributor to arch support of the overlying soil. The load formula,
taking cohesion into account and derived in a manner similar to that indicated above is

Wt = CtBt(wBt - 2c) (6)

in which
Wt = load on conduit, plf
w = unit weight of overburden soil, pcf
Bt = width of tunnel, ft.
Ct = Cd = a calculation coefficient
c = cohesion of overburden soil, psf

Note that Ct equals Cd, and values can be taken from the curves in Figure 3. Suggested values of cohesion for some
typical soils are shown in Table 2. Again# the magnitude of arch support can be evaluated by subtracting Equation 6 from
the weight of the prism of soil above the tunnel. This gives

A 8 8t [wH - Ct(wBt - 2c)] (7)
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TABLE 2 _ I 2 3 4 5

RECOMMENDED VALUES OF COHESION I
4 it ' 'I

Soil Material 72sf~

a F _Sf ~ ~13 L ý 1 1 91

Clay, very soft 40 12 i
Clay, medium 250 I 3?

Clay, hard 1,000 -I-I

Sand, loose, dry 0 0 _
Sand, silty 100
Sand, dense 300 e"° s
Topsoil, saturated 100

When a conduit is installed as a positive projecting conduit, a , -----_-__

shearing forces also play an important role in the development of arch 7.

action and the resultant load on the structure. In this case the planes > 6' ----- - --------- .6
along which relative movements are assumed to occur and on which - -I / - :__
shearing forces are generated, are the imaginary vertical planes --
extending upward from the sides of the conduit, as indicated in Figures I-V--
5 and 6. The width factor in the development of the load formula is i F
the outside breadth of the structure, designated as Bce The vertical 3 -

distance from the natural ground surface to the top of the conduit is 2 2

expressed as PBc in which p is the Projection Ratio. 1 1I0" IJ

1 0

0 2 3 4 5

Values of Coefficient, Cd
Ground surface

"Fig. 3 Diagram for Coefficient Cd
for Ditch Conduits

The magnitude and direction of relative
movements between the interior prism ABCD,F 7 • Figures 5 and 6, and the adjacent exterior prisms
are influenced by the settlement of certain ele-
ments of the conduit and the adjacent soil. These

A C settlements are combined Into an abstract quantity,
A C0 called the Settlement Ratio, according to the

B.- - _ft. formula
L' --B-. (,s m)-(s+dW (,s € (8)mg

in which (see Figures 5 and 6)
rsd = settlement ratio
sm - compression strain of the side

columns of soil of height pc
to a settlement of the natural ground

surface adjacent to the conduit
sf - settlement of the conduit Into Its

foundation
dl - sortening of the vertical height

of the conduit
In connection with the Influential settle-

menrt, It Is convenient to define a critical plane,
which Is the horizontol plane through #th top of
the conduit when the fill Is level with Its top, that
Is, when H - 0. During and after construction of
the enbankment, this plane settles downward. If

Fig. 4 Arch Action In backfill It setlm more than the top of he pipe, as illus-
Over a Ditch Conduit tated In Figure 5, the settlement ratio is positive;
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the exterior prisms move downward with respect to the
interior prism; the shearing forces on the interior prism are
directed downward; the arch action in the overfill is inverted
and the resultant load on the structure is greater than the
weight of the prism of soil directly above it. This is known Top of etntankment

as the Projection Condition. '4N a
If the critical plane settles less than the top of the

Conduit, as in Figure 6, the settlement ratio is negative; the rn
interior prism moves downward with respect to the exterior
prisms; the shearing forces on the interior prism are directed 4 n eQ :
upward; arch action is similar to that in the case of a ditch
conduit and the resultant load is less than the weight of the SheS' ,ruemen!

soil above the structure. This is called the Ditch Condition. a d .h,
In the case of a ditch conduit the shearing forces ' 9

extend all the way from the top of the pipe to the ground
surface, as shown in Figure 2. In a projecting-conduit + L
installation, however, if the embankment is sufficiently high, L..
the shearing forces may terminate at some horizontal plane 4 -'-
in the embankment which is called the Plane of Equal Settle-
ment. A plane of equal settlement develops because a part &
of the vertical pressure in the exterior prisms is transferred _ • -~.

by shear to the interior prism, or vice versa. This transfer ftaI r0ufl, ---

of pressure causes different unit strains in the interior and
exterior prisms, and at some height above the conduit the ta* .Wt0,.bo
accumulated strain in the exterior prism plus the settlement
of the critical plane will just equal the accumulated strain
in the interior prism plus the settlement of the top of the
structure. Above the plane of equal settlement the interior Positive Projecting Conduits (incomplete
and exterior prisms settle equally, and since there ore no Pction Pojditiond
relative movements between the adjacent prisms, no shearing Projection Condition)
forces are generated in this zone.

When the height of the plane of equal settlement
above the top of the conduit, designated as He, is less than
the height H of the embankment, the plane of equal settle-
ment Is real. This Is called either the Incomplete Ditch
Condition or the Incomplete Projection Condition, because
the shearing forces do not extend completely throughout the as
total height of embankment. If He Is greater than H, the
plane of equal settlement Is imagilnary. This Is referred to
as either the Complete Ditch Condition or the Complete
Projection Conoition, because the sheaing forces do extend . NW4AG

completely to tHe top of the embankment. (See Table I andFigure 7).
By a process similar to that employed In the case of

ditch conduits, Manton derived a formulo for the vertical
load on a positive projecting conduit. For the complete ,
dIch or projection condition, the formula Is

W 4 Cwe 2  (9

in which

Cc • 2 u~tci ...... ... N-
Cc 2Ku(10)

the plus signs ar used for the complete projection condition,
and minus signs oae used for the comple* t ditch condition. Fig. 6 Seftlements which Influence Loods on

Positive Projecting Conduts (incooewte
Ditch Condition)
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Also, for the incomplete ditch or projection condition,

a +2Ku(He/Bc) 1I +e../B-H/8) -2Ku(HO/Bc) (11)Cc +.2Ku +(/c.HS)(1

The plus signs are used for the incomplete projection condition, and the minus signs are used for the incomplete ditch
condition.
In Equations 9, 10 and I],

"W€ = load on conduit, plf
w = unit weight of embankment soil, pcf
B€ = outside width of conduit, ft.
H = height of fill above conduit, ft.
He = height of plane of equal settlement, ft.
K = lateral pressure ratio
u = tan l = coefficient of friction of fill material
e = base of natural logarithms
A formula for evaluating He is derived by equating an expression for the sum of the total strain in the interior

prism and the settlement of the top of the conduit to a similar expression for the sum of the total strain in an exterior prism
and the settlement of the critical plane. This formula is

[/2Ku ± (/BHB) r UPI ±4-2Ku
C C r2Kul~/c

± V/2(H/Bc)2  rp (B-H(HW/Bc)

- V/2Ku.H/B i H/Bc H/Bc = r.p H/Bc (12)

Use the upper signs for the Incomplete projection condi-
tlon, for which the settlement ratio Is positive, and use
the lower signs for the Incomplete ditch condition, for
which the settlement ratio is negative.

It is difficult and time-consuming to solve
Eqations I I and 12. Fortunately the results can be given
in a relatively siaple diagram from which values of the
load coefficient Cc can be obtained for substitution In L .t
Equation 9. Such a diagram Is shown In Figure 7. It will
be noted that Cc Is a function of the ratio of the height of -- ..
fill to the width of the conduit, H/Wk. and of the productu ui
of the settlement ratio and the projection ratio, radp, as 4L_ ti
well a of the friction characteristics of the soil. How- ,15 /

ever, Manton pointed out that the influence of the
coefficient of intorna friction, u, Is relatively minor In5
this case, and it is not considered necesor to differen- • .
ticte between various soils as for ditch conduits. There- I
fore, in constructing Figure 7, It was assumed that __

Ku - 0.19 far the projection conditikn, In which the
sh~earing farces ame directed downwarde and Ku a0. 13 hor
the ditch condiltion, In which the shearitl forces arem~ --- _

directed upward. TNs diagram gives reasonable maxi
loa&, the ocwuecy of which Is within fth degree of ~ = - . -

precision of th asWaptlos upon which the analyysis Is
based. V K

Volues of Coefficient C

Fig. 7 DiaWgrom fr Coefficient Cc, far
l"tIve Poecting CondM
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DESIGN AND PROTOTYPE STUDIES

The ray lines in Figure 7 represent values of Cc versus H/Bc according to Equation 11, whereas the envelope
curves comespond to Equation 10. The ray lines intersect the envelope curves at points where He = H. Therefore, this
d'agram i.an be used to estimate the height of the plane of equal settlement in a particular case, as well as to estimate the
food on the conduit.

Although the settlement ratio, rsd, is a rational quantity in the development of the load formula, it is difficult,
and impractical to predetermine the actual value which will be developed in a specific case. Therefore, this ratio is
considered to be on empirical quantity and working values for design purposes are determined from observations of the
performance of actual culverts under embankments. Such observations have been made, and the values recommended in
Table 3 are based on them.

TABLE 3

DESIGN VALUES OF SETTLEMENT RATIO

Conditions Settlement Ratio

Rigid culvert on foundation of rock or unyielding soil +1.0
Rigid culvert on foundation of ordinary soil +0.5 to +0.8
Rigid culvert on foundation of material that yields 0 to +0.5

with respect to adjacent natural ground
Flexible culvert with poorly compacted side fills -0.4 to 0
Flexible culvert with well-compacted side fills* -0.2 to +0.8

*Not well established

Examination of the load coefficient diagram in Figure 7 indicates that when the product of the settlement ratio
rsd and the projection ratio p equals zero, then Cc = l,/Bc. When this value of Cc is substituted in Equation 9, the load
formula reduces to Wc = HwBc; that is to say, the load is equal to the weight of the prism of soil directly above the con-
duit and ther is no arch action and no arch support. The settlement ratio is equal to zero when the critical plane settles
the same amount as the top of the conduit, that is, when sm + sg = sf + dc. The projection ratio is equal to zero when the
structure is installed In a narrow and shallow trench so that its top is approximately level with the adjacent natural ground.
This is the transition cas between positive and negative conduits, as previously discussed on Page 532.

Attention Is directed to the fact that in the Incomplete projection condition, that Is when the settlement ratio is
positive, the shearing forces mobilized along the vertical planes In the embankment are directed downward, the arch
action is Inverted and the load on the structure is greater than the weight of the overlying prism of soil. In the Incomplete
ditch condition the arch action Is normal. The mag.aihds of arch action, either normal or Inverted, Is Indicated in
Figure 7 by the deviation of the various rmy lines from the diagonal line for ra~p - 0, which represents the weight of the
overlying prism of soil.

Analysis of loads on Imperfect ditch conduits was first published by the author In 1950. It follows the some
general philosophy and approach as that previously employed by Manton far other clasms of conduits. The elmentws of an
Imlerfect ditch conduit are shown in Figure 8. There am two cas to be consideed4 the complete ditch condition in
which the sharing forces and arch nction are effective oil the way to the top of the e*banuw nt, and the incomplete
ditch condition•, wherein iiie, ternante at a plane of equal settlement.

A free body diagram for the fint cao Is shown In Figure 9. Setting the summation of vertical forces equal to

V+dV - V wS8c dh - 2KU(V/c)dI (13)

The boundary conditions ane when h a O0 V a 0# and the solution i

V ... ('4)

At the top of theconduit, V Wc and h a H, whence

W - C we 2 (15)
S n c

In which
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Next, consider the incomplete ditch condition in which H = He as illustrated in Figure 10. Equate the vertical
forces on a thin horizontal element at distance h below the plane of equal settlement.

V+dV = V+wB Wcdh - 2Ku(V/Bc)dh (17)

when h = 0, V = (H-He)wBc and the solution of Equation 17 is

V = W8c2 [-2Ku(h/Bc)_ I - H -2KuQVBc (18)c -2Ku " + (H/Bc " /Bc) • )(8

At the top of the conduit, V = W€ and h = He, whence

W C we 2  (19)

in w h ic h e '2 K u (H */ B c ) - (

Cn 2 K u 21 + (V'S/Bc HIS) 19 2Ku(/6/Bc) (20)

4 : •Top of embankment

- Plane of eql settlement

(s IF (+f + 'd d)

Sf

I ~ ~critical plane~fll d -------

S197

C

So~ft i Loaseftd Fil

IcI

SFinal elevation

Fig. I Elmenft of an lapeifect D00% Cundul



DESIGN AND PROTOTYPE STUDIES

In order to solve Equation 20, it is necessary to know the value of He. An expression for determining He may be
derived by equating the total settlement of the interior prism ABCD at the plane of equal settlement to the total settlement
of the exterior prisms at this plane. The settlement ratio in this case is defined as

rd = S&g(sd+Sf+dc) (21)sds d

in which (see Figure 8)
rsd = settlement ratio
Sg = settlement of surface of compacted fill

sd = compression strain of the ditch backfill of height p' Bc
sf = settlement of the conduit into its foundation
dc = shortening of the vertical height of conduit
Note that te settlement ratio is always a negative quantity in a properly constructed imperfect ditch conduit,

because of the relatively compressible trench backfill.
The equality referred to above is

A+sd +sf +d = A'V+ (22)

In this expression, x and x' are the total compression strains in the interior and exterior prisms respectively, within the
vertical height He. Substituting Equation 21

+ = ' rsdsd (23)

To derive expressions for A and V' the following assumptions are employed:
I . That the internal friction in the fill materials distributes the infinitely small decrements of pressure from

shear into the interior prism below the plane of equal settlement in such a manner that the effect on
settlement is substantially the same as for uniform vertical pressure.

2. That the internal friction in the fill materials distributes the infinitely small increments of pressure from
shear Into each of the exterior prisnm below the plane of equal settlement in such a manner that the
etiect an settlement Is substantially the some as though the pressure were dIaributed unrfomliy over a
width of prism e*u"l to the width of the conduit, 6c.

Reterring to Figure iC, the expression for x, the compression of the prism AICD is derived as follows:

d * a V ( 24)
c

in which
E modlus of comression of woil material substituting Equation 18 In Equation 24,

"w8 [.2Ku9/R)"

Integrating between limits h 0 and h .

wa W-W-.2Kjdb4AJ 6C.
Ik e (c * e I (201

c c

In a si2d a m an nw

In- ar ismilar
c C c

2 tI('"-- " • 2Ku(H(ec7!

I- It - X
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The expression for sd is 2
p'wB€ -2Ku(H•JBc). H'-H'

c f-- - 2 )+ e -2Ku(H/BC) (28)

Substituting Equations 26, 27 and 28 in Equation 23 gives

(H.8"1 *-2Ku('/Bc)_Ic K -K. u,
H'rH' .-•r(H./Bc - Hz/B) +-H
H [.H I 1 ]

C u

2 -2Ku[ I + (Ha/B - HVBic) -2Ku(HVBC) (29)

Values of HW1Bc corresponding to H'/Bc for various values of rsd&' may be obtained from Equation 29. Then since
H - H' + p'8c and He = H + p'Bc ("e Figure 8), it is possible to determine values of Cn from Equation 20. Substitvting
Cn in the load formula, Equation 15, ioads or, imperfect ditch conduits may be obteined. Diagrams showing values of Cn
verus H/Bc for various values of rsd have been drawn for values of p' = 0.5, 1.0, 1.5 and 2.0 and am shown in
Figures 11, 12, 13 and 14. Cn for intermediate values of p' may be obtained by interpolation with sufficient accuracy
for design purposes. Empirical measurements of values or rsd for this type of conduit installation ar* very meWaer at the
present time. The few measurements
which have been made indicate that Top of *nbonkn -•

valuoe in the range of -0.3 to -0.5
are appropriate.When Mianton first invented .

the imperfect ditch method of con- > V
struction, approximately 45 years w- dh K -rdh
ago, ie sugges0od that straw, hay or
comftlki might be incorporat n I
the ditch backfill to increase Its dh
conqwprmlbility. If such materials c
arm used, the settlement raoio will be z >
decreased, the load on the vctuvre
will be decrneaed and the magiqtude
of arch support will be Incrteod.

AIin previous caseshe

developed arch supPor Is equa" tothe a9l4eo dlffeeec. beween the
weight of the central prism of soil S
and te load an the ~hor.ue. Thus

in wich a 84 in. O.D. 01pe is
Insaled as en imp••#ect difth co-
duit under 0 ft. of fill. Alo IaC
r1- -0.4, w I20.:. TheN
W/S * SW a 11.4. FreeFigwe 14
Ca - 5.2, Oiia ar

Fig. 9 Freie Dk WomI impeefect Ditch Co,,,it
(Ca*V.at Oich CodI.*,,)
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DESIGN AND PROTOTYPE STUDIES

The load on the structure is, by Equation 15
2

W = 5.2x 120 x7 = 3 0 , 6 0 0 plf

Also, by Equation 30, the arch support is

A = 120 x 7(80O- 5.2 x 7) = 36,600plf

The weight of the central prism of soil i3

W = 80x 120x7 = 67,200plf5

It is indicated that under conditions assumed in this exwmple, arch action and arch support account for 54 percent of the
weight of overburden soil, while the remaining 46 percent is carried by the structure.

Top of embankmen

Plane of equal settlement

i 7 - A

I I

I V

wB h u dF A

> K dht
:¶ ; I I

C.C

Ii

(kcwwple Difth CdCtlo )
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DESIGN AND PROTOTYPE STUDIES

The load formula, Equation 15, can also be used in the case of negative projecting conduits, by substituting Bd,
the width of ditch in which the conduit is laid, for Bc, The values of Cn can be obtained from Figures 11, 12, 13 and 14
by using the ratio H/Bd instead of H/Ibc.

Quantitative experimental evidence of loads on imperfect ditch conduits is very meager. Morston first demon-
strated the effectiveness of the procedure in experiments conducted in 1919, 1920 and 1921, in which loads on a culvert
consisting of ten 2 ft. long sections, 3-1/? ft. in diameter were weighed. The embankments over the culvert were 20 ft.
high and the fill material weighed 96 lb. per cu. ft. The projection ratio in these experiments was 0.9. The influence
of the settlement ratio had not been discovered at that time, and it was not measured. It has since been estimated to have
been in the neighborhood of +0.9 to +1 .0. The following is quoted from his "First Progress Report," presented on
November 28, 1921, to a meeting of the Joint Concre-e Culvert Pipe Co...mittee consisting of two representatives of each
of the following organizations.

American Concrete Institute
American Association of State Highway Officials
American Railway Engineering Association
Americcn Society for Testing and Materials
American Society of Civil Engineers
American Concrete Pipe Association
Bureau of Public Roads

":The outstanding result of the work of 1919-1920 was the very heavy weights per lineal foot of
culvert imposed upon the culvert by the weight of the embankment mater'al, amount, as already stated,
approximately to 1-3/4 times the total weight of the embankment muterial immediately over the culvert.

"Hene, it was decided to attempt to find a special method of construction of the embankment
which would reduce the load transmitted to culvert.

"Accordingly, beginning the latter part of July 1920, an embankment was built of sandy loam
top soil, over the culvert ald to a level 4 feet above its top, taking special care to consolidate this
embankment over the culvert, and on each side, using a road roller for that purpose and depositing the
material in layers.

"On completion of this embankment to c height of 4 feet above *he top of the culvert, as above
described, a vertical trench 4-1/2 feet wide was dug immediately over the top of the culvert itself,
which was entirely cleared of mat.erial. This trench shou!d have been 3-1/3 feet wide to secure the best
results, but it was found necessary to mcke it 4-1/2 feet wide to permit reodiusting the 2 feet sections of
the culvert which had become diiarranged by the road roller in making the fill.

"On completion of this trench it was refilled with material deposited in the loosest possible
condition.

"Immnoiately after refillig this trench with loose material, the construction of the embankment
was resumed and carried on until the embnnkment reached a total height of 20 feet on September 29,
1921

"During this process it was found that the weights imposed upon the culvert by the embankment
at different heights were mucti ies than those in the work of the preceding year. In other words, con-

soru•tinj the thwch cyer the culvert (loose filled, and with consolidated sides) as above described
maoeriaby lightened *be preszure imposed upon tue culvert by the embankment material ."

The weight of the prism of ;oil over the culvert was 6400 pHf. In the first experiment, the average measured load
was 11,500 plf. Inverted arch action increased the lad on the structure in this experiment by about 80 percent. When
the special method of construction, (later called the imperfect ditch method) was employed, the measured load was reduced
to 7200 pif indicating that the inverted arch action hod been practically eliminated. It is probable that the load would
hnve been further reduced, if the imperfect trench could hove been held to the same width as that of the culvert.

Later, in 1951, Schlick published the results of load experiments on three rigid pipe culverts (2 concrete and
I cast iron) in which the imperfect ditch method of construction was employed, with values of the projection ratio, p'.
equal to 0.25, 0.5 and 0.75. These p;pas were 3.5 and 3.67 ft. in outside diameter, and the height of fill, a sandy
loam top soil, weighing 116 pcf, was 15 feet above the top of the structure. Settlements of the various elements which
constitute the settlement ratio were measured in these experiments.

Several years earlier the author had developed the theory of loads on negative projecting and imperfect ditch
conduits as given above on Pages 537 to W40. Schlick compared his measured loads with loads calculated by this theory,
as indicated in Table 4.
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TABLE 4
COMPARISON OF MEASURED AND CALCULATED LOADS

IMPERFECT DITCH CONDUITS

Culvert A Culvert B Culvert C
(Concrete) (Cast Iron) (Concrete)
p' = 0.25 p' = 0.5 p' = 0.75

Measured 4610 plf 3200 plf 2660 plf

Calculated 5290 plf 4 550 pif 3900 plf

The comparison indicates that the measured loads were less than the calculated loads, although they were of the
some order of magnitude. In other words the arch support developed by this method of construction was somewhat greater
than that indicated by the theory; as much as 50 percent greater in the case where p' = 0.75.

As stated on Page 504, Marston suggested that straw, hay or cornstalks might be incorporated in the imperfect
ditch backfill to augment the compressibility of this material. This idea was accepted very slowly at first by the engineering
profession, but has gained in popularity in recent years. The first use of such material cf which the author has knowledge,
was in conrnction with a project in Atlanta, Georgia.

ThN City of Atlanta had constructed the Proctor Creek Sewer, a 48 inch reinforced concrete interceptor, in 1937.
The depth of cover ranged from 17 to 35 feet. Later, in 1955, it was proposed to fill the area to an elevation which would
increase the cover to a maximum of 95.5 feet above the top of the pipe. Rather than re-construct the sewer with stronger
pipe to carry the additional load, the City elected to employ
the principles of the imperfect ditch method to protect the
existing sewer. of OW-•,mt

The general plan was to excavate a ditch directly '1,, W, ..... . . 7-M-7-77-77.7-7777,

above the pipeline, to a depth of 15 feet and to a width of
4.75 feet, which is the outside diameter of the pipe. This
ditch was refilled with alternate layers of soil and tree -T -
leaves or pine straw up to the ground surface. Then as the J

-- 4-9"* trench refilledfill above was placed and compacted, additional trenches w i tnh loafil
were excavated in 10 to 15 ft. lifts of the soil. These - 2. ..
trenches were about 5 ft. deep and 4.75 ft. wide and were -4
also centered over the pipeline. After excavation, the .
trenches were refilled with loose soil before the next lift of
the embankment was constructed. The diagram in Figure 15 V--<

illustrates the plan, and the photograph in Figure 16 was L -- ' 2
taken during construction.

The pipeline was inspected a number of times during N

and after construction of the added height of fill and was lo00 So. I ,,,i,,TlV9",x,15found to be in good condition. There was no evidence of - __ -hrell 4' Is'increased load on the pipe and it is still functioning satis- pruuibl. material

were mobilized to protect the sewer from the greatly jr
increased weight of soil added above the line (approximately_.__-:• J_._._ d'- rock
17 tons per lineal foot of pipe). -

The California Division of Highways has developed
a method of protecting highway culverts under high earth
fills by using baled straw to obtain a modified form of ...imperfect ditch construction. After a pipeline is installed, --

backfilling is completed adjacent and up to the top of the T I
pipe. Then bales of straw are placed over the line to formrI
a layer whose width is equal to the outside diameter of the almCl
pipe. Soil is placed and compacted up to the top of the V-9'

bales, after which the wires are cut and another layer of Om3 W .. c. pe
bales installed. Again the soil is compacted up to the top
and the wires cut. This process is repeated until the desired
depth of "imperfect ditch" is obtained. The the embankment Fig. 15 Imperfect Ditch Method of Constructing
is completed in the normal manner. A photograph of this Additional Fill over Proctor Creek Sewer,
procedure is shown in Figure 17. Atlanta, Georgia
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Comparisons between distortion of the
pipes in three culverts installed with baled straw as
descirbed above, and three culverts in the some
county without straw are shown in Figure 18. These
measurements indicate a substantial development of
arch support and protection against embankment
load by the baled straw treatment.

A number of additional imperfect ditch
installations could be cited, some in which nothing
but loose soil was used as trench backfill and others
in which organic material was added to enhance the
compressibility of the trench backfill. In all cases
the procedure has successfully protected the pipes
against excessive loads due to high fills. Figure 19
shows an imperfect ditch over a culvert being
partially filled with sawdust on a highway project
in Texas. In Figure 20, baled straw is placed at
the bottom of an imperfect ditch in Michigan.

It is the author's conclusion that theory,
experimental evidence and successful practical
experience, all indicate that the imperfect ditch
method of construction is effective in substantially
reducing static earth loads on underground struc- Fig. 17 Soil Compacted Against Baled Straw to Create
tures by inducing the development of arch action an Imperfect Ditch - California
and arch support in the overlying soil. It is his 70 C .....

belief that this method, or modifications thereof, Concrete Culvert Pipe
will prove effective in reducing the load trans- 1 66" 2000 D
mitted to such structures from dynamic or shock W.- 4 2050 0........ 54", 2000 D
loads applied at the ground surface. Also, 60 _ 66" 2000 D
modifications of the method probably can be Ii W- 13500
devised to protect structures from lateral shock W 10W D
loads. A great deal of experimental work will ------- 90" 1750 D
be required to demonstrate or prove the validity 50of this hypothesis.

40

DtIrl 1-t.D~. er Die-

1630 .

20_

Fig. 16 Placing Loose Soil over a Layr of Fig. 18 Distortion of riuonoldt County,

Leaves, Atlanta, Georgia California, Pipe Culverts
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Fig. 19 Sawdust in Imperfect Ditch
Construction, Texas

Fig. 20 Baled Straw in Imperfect Ditch
Construction, Michigan
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MEASUREMENTS OF SOIL-STRUCTURE INTERACTION
ON PROTOTYPE PROTECTIVE SRC~RE

by
Ralph H. Sievers, Jr.

INTRODUCI ýON

Prediction of soil-structure interaction is essential to -ffic~ent and adequate design of nuclear warfare protective
construction. Test structures have been exposed to the immepmsr loods of nuclear blasts and theories exist to explain the
actions which caused or prevented failure of these structure-s. Laboratory tests with static and dynamic loadings provide
some experimerstal verification of these theories; however critical asrumptions which are used to predict sidewall laadings,
moss of earth responding with the structure, and "arching" of earth over the structure hove inadequate expeririental veri-
fication. This paper presents procedures used to obtain soil-structure response characteristics of actual buried protective
structures by non-destructive testing. These procedures c.,uld be employed to test full-size structures to verify, or disprove
theories required for effective shelter design.

This project (1) was an extension of nuclear weapons effects studies conducted through 1958 by exposure of proto-
type protective structures to actual nuclear detonatian. These structures were not always adequately located or success-
fully instrumented to provide time-hisrories of dyramsc. respon~e, nor were measurements made to specifically prove or
disprove response theories which were simultanecAAIsl being developed. The conclusion of oboveground testing has left
many undamaged prototype protective structures at ihe Nevcda Test Site, ovosloble for non-destructive dynamic testing.
The Defense Atomic Support Agency (DAZA) sp.nsored a project at the US Army Engineer Research and Development
Laboratories (ERDI), Ft. Belvoir, Virgirvia, to study th#n mode and period of dynamic response of certain of those structures.
Principal object of the study was to invastiga'e the relative significance of flexural and compressive modes of underground
arch type structures.

Theoretical bases of the study wet. that
1. The response oi a strn.ýture to ' rnmiic ýlost-indoced loadings is largely dependent upon the stiffness of the

structure and the mass of the respnding strvu.t~imi elements and earth acting with them.
2. The fundamental rm de of vibration of a buried structure is apt to be the n.ocse in which principal response and

failure to nuclear shock load;%& takes place.
3. Determination o! the fundomental moce* and period of response, in that the period of this vibration is determined

by stif fness and moss, would be of vital importance in pi edicting the response of th structure to dynamic loadings and
woul'i thereby permit more cdicient structural design.

4. Natural modes of vibrarivin of a structure or structural elemnent are independent of the means af excitation, or
a mplitude of vibration, Insofar as "h responding moss remains unchange and th structural elements remain elastic.
Therefore, it meosurements ore made w ith adequate senisitivity, very small amplitudes of vibration may be used and exciting
forces need only be a small fraction w, the safe wor4 ing load of the structure.

PROCEDURE

Procedures had to be developed and tested prior to condtuctitV tests an the eittremely stiff buried structures to be
studied at the Nevada Test Site 'rhese procedures were developed through trial and eiror by non-destructive testing of
structures and structural ellenmen .t and neaw Fort Selvoit. Appropr iate senors, recording equipment, and means of
exciting the structure had to be selected, fasted, and proved feasible.

The initial nan-destrvctive vibration test was conducted on a beow forming Part of she "No support system of a
wwoarhuse type building (Figur 1) .Fifteen hutwre pounds of lead bricks on a polle# were somusored to provide two
point loading and a reultoot initial deflectiva of the beam. The weight was applied by raising the pallet with turn-buck lot
and was instantaneously released by use of a bomb release. Dynamic measureiments of resulting vbrat ions were made by
strain gauge and by on acctlerom eter. Good reults were obtained in that the periodth of vibration of the fundramntal and
Anrt three harmonics were identified, we, * dupl icated on repeatwed tests, and approx imated the computed per;oth. Use of
lead weights proived to be impractical however and subsequent tests were conducted to develop light eouipmentwhich could
impose an inlitial deflection which could tOen be instantaneously released.

Concrete and steel itiructures of varying sizes, stiffness and stapes were tosted In the feasibililty study. One
excitation schevme developed employed wire ropes tightened by turnbuckles, and held by a quick release (Ftgure 2). This
permitted two, thee. and four point loading o4 circu~or steel structures and laI ng of arch structures as permitt.'d by

*Maor, UW 5AOffe of Cief of Research and Deveokpment, McLean, Virginiia.
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anchoring capabilities. A load column was fabricated with
a screw jack to apply the load and thereby the required de-
flection, and a quick release to provide a means of vibrating
concrete structures. The load column permitted two point
loading of circular structures and one point loading of rec-
tangular, arch or dome roof systems.N

Sensor and recording equipment was selected on a
basis of that available at EROL or obtainable at low cast.
Patch type strain gauges proved to be impractical due to the 7
extremely low strains created. Variable inductance nnd
piezoelectric accelerometers were tried, however variable
resistance accelerometers of + 19 range were stlected and
purchased for the field test pjogram. Recording equipment
with three kilocycle carrier, galvanometer mirrored light
traces and film speed; of up to fifty inches per second was
available and fully suitable for the tast program. All testing
could be and was accompi shed by three prolect personnel.
Procedures were proof tested by exciting measurablet vibra-
tions of a seven-foot thick, nine-foot span reireorced con-
crete slab roof of a gun emplacement magazine. A load of
less than two tans imposed by the load column provided mea-
surable vibrations when the load was released. As the stiff-
nes of this structure for exceeded that of any of the Nevada
structures, the procedures which had been developed were
considered to be adequate for the field test program.

TESIS ON THE NEVADA PROTECTIVE STRUCTURES

During a two-week program eleven structures; were Fig. I Initial NonDestructive Vibration Test
tested under thirty-one diffetrent mechanical excitation
schemes or variations In structural conditans and by fourteen
explosive detonations. One hundred eleven
rum with three accelerometers employed on
each were pit on record. Structures chose
and tested were an aboveground 6" thick
36' radius reinforced concrete 450 dome, an

91eron roipnfoiced concrete flat slab
prtotypemi-WonerWO Varch 25iur s 3n or;
prtwot dual-purpe, osegrage (Figuo re 31
Voted steel Navy omatnwntion amogdnes, one
having steel orch ribs providing additional
"suppars. each with 5' of earth cover over the
crown of the orthi two 9' diaimeter circular
corupted stee an two 0' diamete circular
Or thIch reinfore concrete sheters with
7-V1/2 of earth% cover; end Owes corrugated
steel meottepWs stnighmr with 5. 7-1/2,
WWd W0 of earth cover respectivetly.

Modeh ecl testing SJWeeMe were
espqloped in an e~ar to caus mawuxrbl
resoms Int the fdMenowl" end principal

hofmonic fIsslural modes of vibratIon. Exlo-
sive w"e mod to povtide coo elaition or
verificatotmf the momchanicolly-induced re-
swits by prov~ding a fare of loading similor i.2Fu on od"o oIpuSrortAclr
to that coaue by the nclear Mest. The ea- *i. M el"Pon Lhodin ofMM C eat s Sig tucreAee-
plsV9 charges wooe 2-1/2,to 5 powunh of 30% ' '' ~ a i
*nwslte sspended frvo 5 po I fee above the ground surfce (Figuire 4). The exsplosive was geinerally cateredvave h
tast stnckwej however tesfs wih the con Cre dame and ame test with threw different culvert Itatrmnted were run with
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4',r

Fig 3 Test in DuaI-Purpow Garage Load Column and One Fig. 4 Five Pounds of Dynamite Over a Corrugpted Steel
Accelerometer Shown Arch Structure

tlie explosive displaced 100 feet from the structure. The explosive tests provided a low level air-induced ground shock
creating measurable vibrations in the structures. The (emote character of the test site would have permitted all rums to hove
beam mode with high explosives, however it was desirable to field test the mechanical excitation procedure and it was
important to determine the relative significance of th flexural and compressive mode% of vibration. Mechanically deforming
the structujre into its fundamental flexural mode prior to instantaneoujs release of this deformation should have provided the
greatest opotunity for identifying and measuring the characteristics of this mode

NEVADA TEST RESULTS

The most significant results were obtained in the tests of the Iw00 corrugated steel arch struckwa.re Period mea-
sured from the test retcords oregiven in Table Iý Pa.- of"th record for one test ron Is shown it% Figure 5. The testsshowed
the dominance of the compressive mode of vibration, even when thestructure was deflected into ift fundamenta flexural
mode (Figure 6). The explosive tests go- close correlation ofwhsew reulls, The arch rib reinforced structure had an
overage period of 62 ms (milliseconds) oa.o.ined from mechanical excitation and 66 ms btined from the explosive run,
The uwerinforced structure hod on overage period of 69 nos obtained separately from the mechanical and explosive rumts

The period of vibration in the comporessve mode of on exposed erch stracture my be taken as the circumh"ferec
divided by the velocity of sound in the material.ý On this bosis each of the arch structures would hove Nod Oppeasi motely
the some period in the compressie mode, neglecting anty effect of the earth backtfill In the flexural made the 16 to I
ratio of stiffness between the rib reinforced and unreinfarced structures would hoe" caused on apoximksately I to 4 rati*
In the respective periods of the exposed structures. bainl of the structures should cause the period to vary from the exposed
value as the "to moot of the ratio of the moss of Structure and earth responding with it to the mios of the vibrating structure
itself Iv these carsiderotiors the period of the unrinforced structure should have been almost riye tims are the *n thet
of the ribbed shr~ureo in tho flexurarl nad~ while only 20% greater inw the respective conmpressive modes. This calculo-
tion. the claeenis of tie measured periods of the two types of structures end compaion of computed perods with those
measured indicated that the periods measured were those of the compresive made The ome of earth vibrting with the
structure could olso be calculated. by comparing meausued periods with thoe" computed far the case In which only the man
of earth vertically along th structute eresponded with it. For the renforced structure, a amo of $*;I Opprm-niaiately 2,.7
times the moms of that i'mmediately over the structure apparently vbAte wit h tutr.Frth ibdsrcueti
ratio was 3.3
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SOIL-STRUCTURE INTERACTION

Kesults with the smaller steel and con-
crete structure" did not provide as close correla-
tCon as did those for the arch structures. Damping
was measured for both mechanically and explo-
slvely induced vibrations in the steel culvert sec-
tiom. An average logarithmic decrement of
damping for the mechanical runs was Ln 1. 25,
i e., the amplitude of eacl€ cycle was 1. 25 times
that of tk. following cycle. Greater damping
was evident ;4 the explosive rum. The te-,s indi-
cated that for -he 8' diameter circul .r corrugated
steel sectins with 7-1/,2' earth cover over me crown,
a mass of earth approximately equal to that verti-
cally above the rtructure responded with it in the
compressive madk.

Test rozed*res pooved adequate *.n that
measurab.; vibrations were induced by ,echani-
cal means ir. all he underground strti.tures studied,
The recording procedure gave traces on high-
speed film which could be analyze_-, Lv- u,'ect
moosurement. Th; film was developed during
the test program to Hiure adequacy of collec-
ted data. The results b-taine., princially Fig. 6 Load Column in Corrugated Steel Arch Structures
those frow. the *ss of t'ie arch structures,
were employed to assist development of a systec' of
field gagductive construction (2).

APPLICATION OF PROCEDURES

The procedures and eq.lpment employed met the requirerneets for the specifi0k tests h.onducted. No significant
e-ors ore thought to tove been introdced by the measurement and recording equipment itvif. This was deters"ined by
separate tests of the slgnifica0ve of the natural fmquency of the accelerometr itself; da,.%peng of accelerameter; the
natural frneency of the acceler.omter mount in the various configrations emplayeo; Inearity and hysteresis of response;
voriatiai in the time st.otý3rd supotimpffme on the reordM;, film; and occelramoete calibation. The mechanical equip-

aent used to inMce viktuton -k•,ld |-love had no sion'nf cant effect an the %oseqv'at vibrations. horeveret the weight of
"the mn operating the equilment and, "•adlng in the stucture may have Influenced sote of the results of t"e small
corrurotd steel str-jctvms

Test equipment for fuhe wori m" employ similor means of exciting the structure. howevot ,ome chat"e 'ould
be mu-de in the Instqmienttioni and recording equipment If excit•win is to be solely by merhoicoi meoro more wsesitive
acceleomheters would be desirable Thooe used wet*# 1g rnge and less t ,n 10% of this range was nortxmlly used on *0
mecwanical run. A recording oscilloraph with film ;pe4 of 5 to 10 inches pe second Owild be ad•kqate for most u•dpw-
ground structum. YAen feasible, etplo;ive escitation should be used Minimum chcrge size was not st,•u"de in the Nevada
Yests Ott ni suits indkotied that charges of one pound or l *essdt oted in *h oir *bowe the itrucure 4..uld hove ptovided
fully masei"jrble respo The 4quipmewt for any tet program f:rs be tailored to the oljecthves and mewrsements so40t
to meet t objective,.

CONCLUSIONS

For various recsnt twe reslat Aftined in tht test progrom dincribed a. not oftwer basiC questions of soil-
structure interactio ke o " an duef to I mot;ions a! *maur#een ",,de and limited sixe @f oniVpe and atiety
of structume stiled these deoicienceies could be odressdby futuv e .rilor noo-d"Itwir.e test;,k Anothe restiction
to validity that 0he O awl e of the soil sun•rinding fhe st'rucke moy, ond probably do"e. have its prersies cand
under the nuclaw shoci loa-inl.; The nan-destroctive fats dscussed here dotW simulate cod;tiom where the foondatilo
of the situcture ore being peomnestIly J••,l•.d or the teo capaclty *I the ...ll is Wing temqo• ily inceme due to
intrefae l confliftio oresum . Howevec the rincie l modes of respow may be idntfd by vch twtshe reatItve
siolificonce of different maui con be examinel. and indicatio of s•oI respam in conjunctioft with hie stucture con be
studied.
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The procedures illustrated here can be emoloyed to assist in the verification of theories of reaction to dynamic
loads of underground, and aboveground, structures Structures such as shelters, subways, bridges and multistoried buildings,
excited by simple mechanical means, traffic, or winl con be examined without nuclear testing. Such studies can greatly
increase our present capabilities for effective structural design for the dynamic looaiings of nuclear detonations and natural
forces of wind, wav, and eartquake.
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THE DE'IGNo.OF BURIE~D A~RCHES TO RESIST BLAST LOADS
0y

Williamr-J. Flathau* and Richard A, Sager"*

SYNOPSts.

It has long been known thoat certain types of buried structures Znterccting with the surrounding soil medium are vcery
efficient in resisting foads. Eiuring full sca~le weapons tests, it has been shown that buried arche~s are very efficient
s~ructural types to resist moderate and high overpressures. For such stro~cture5 it is first necessary to design the struc-,-.:te to
resist dead loads using curr~nt aflowable design stresses. The it-ructure Is then designed to resist the dlyninic. blast lcoads.

Equations were developed-for derermin's.9 the-reantions resiulting 'ram dead load.s, i. e ,earth cow-~, concrete, and
temperature changes, at. any section for a two-hinged biuried, semicircular arch of uniform cross section. These equationss
were plotted and presented is figurgs.

The eqtuivalcnt surcharge loading methoc; for desi~nikg against blast loads is presented. Two general solutions, i.e.
the thres5hold method and upper beuna] m0-thod, are presented for thle case ):here a structure is located above and below #he
ground wate~r table respectively,. Example calculations ore included.

Calccdctions to determine the averpressure t1-:Atshould cause failure to various irzes- of arch structures wtfre made and
summarized in the forn- of convenient graphs .One graph r~ialtes arcf, thickoess with sfpr~n to overpressure for structures
1Watoed citove and the other pertains to strucruret, loccled below tha ground woater t~stle.

INTRODUQ110N

With the aclvent of nuclear weapo-ns, u'riderground stru Ictures bacanne c necessity in the field of protective cons tru c' 'Ion.
Fulil-srale tests have slhown that for finderground protective ronstruction 'the orcsi-type structure! is one of the most effi-
cientt and economical i.- the moderaft'. and h;.h overpres.;ure regions.

Since data pi-esently av .uiloble. do not reveal exactly how oar-induced Wround shock -is transmitted through soi! a'
what erffect various soils have in attenuating such shock, the actual loading of bt'r~ed wtuctures is not known with certa~nty,
Therefore, for design purposes, it is necessary to ass-ume certuiir, loading~ c-onditonm. Once the shape and magnitude of this
load are assum~ed, the atunl strucivral design is-relati-vely. straightforward. However, shock is on-ly one important nuc!ear31
efiect to consider in the -design o; protective installaticr-ts; the ofther is nuclear radiation. Provision for suffi'cient shielding
againsý nocleat radiation must be cor~sidered as a part of.. t+e 4esign, However, the design of structures to resist nuc~eor
radiat'on i's not included in this paper.

Before designing any stfucture against dynamic loads, it is first im~portan't to des~ign the siruo~uie to res'st dead loads
Using current allowable design stresses. The structure it then designed or e~laluateci tc deteirr~ne its resistance to dynamic
ioads (blast loads) using the dynamic strength properties of tbe construction mqiteriais. Therefore, proceduies for both dead
and dynamic loads are presented for thle design of but ied, reinforced-concr-ete two-hinjged 6arrel arches. The design of the
associated footings, end-walls, and entracewoys have not been included in this F-~per.

DEAD LOAD DESIGN METHODý

Equations. were derived using the principal of virtual work for determining the reactions resulting from dead loads,
i. e , earth-cov~er, concrete, and temperature changes, at any section for a two-hinged buried, semicircular arch of
uniforn. cross section. The derived equations for reactions at the springing line and at any location on the arch are summor-
tzed, respectively, in Tables I and 2 for a two-hinged arch. In addition, a program for the various equations was writt-n
1:1d processed in an IBM 650 computer to derive Nhe design charts shown in Figures I through 9. These chart-, make it
possible to compute rapidly the reactions caused by dead loads at an> section around a two-hinged arch.

*Chiat, 5t~vvctura~rb~nmics Section, Carps of Engineers, U.S, Army Engineer Waterways Experiment Station, Vicksburg,
Mississippi.
I *Project Engineer, Structural D~ynamics Section, Corps of Engineers, U. S. Army Engineer Waterways Experiment Station,
Vicksbuig, Mississippi.
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Earth Loa&k
Wiederivation of the various rwctioris resulting from earth loads, it was assumed that the total vertical earthload was equl to the weight of soil direcly above the arch. It was assumed also that the lateral soil pressure was somefunction of the vertical pressure (see Table 1). Figures I through 3 describe thrust, shear, and moment, respectively, forearth loods. The plots were developed for an arch having a depth of cover over the crown equaml to one-half the radius ofthe arch, by using the appropriate equatio-4 shown in Table 2.

Concrete Load
79*FrectioIns at any section for vai ious combinations of arch thickness, arch radius, and unit weight of concreteare shjwn in Figures 4 through 6 for thrust, shear, and moment, respectively. These plots were developed by using theappropriate equations shown in Table 2.

Temperature Changes
A unlr hneIn temperature wiss assumed to exist across a section through the arch ring to determine the reactionscaused by temperature changes. Figures 7 through 9 describing thrust, shear, and moment, respectively, were prepared byusing the ftpp opriate equtions shown in Ttible 2.

DYNAMIC LOAD CONSIDERATIONS

Assumptions
Injeneral, there are two main asutmptions regarding transient load distribution on a buried arch. The flat is thatteload over the arch surface is uniform aid acts radially Inward, resulting In compression of the arch ring. The *therassumption, which has several variatfans Is t~hat the loaud Is not uniform over the surace of the arch, resulting In a oflbination of banding and compression of the arch ring. It Is genralIly assumed also that an arch will fail either In a com-pressve or flexural made depending upon the direction of the airislast wave with respe ct to the lIn axis of the structure.For underground arches, it is believoo that the buttressing action of the adjacent soil limits flexural failure; therefore,the direction of travel of the blast wave Is not as importanmt for underground as for abovegraund structures.- Thispeomenonawias observed far arches tested in Projct 3.1 of Operation PLUMSOIO.
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Soil Conditions
It is believed that the restraining action of the soil is some function of the soil type as well as the moisture content

of the soil. Also, it is reasonable to assume that the response of a buried structure located beneath the ground-water table
will be different than if it were above the water table.

Structural Properties
In dealing with the response of structures to dynamic loads, there are more parameters requiring consideration than

for ordinary static loads. For instance, under transient-blast loods it is possible to allow a structure to yield into the
plastic range of response thus permitting a great deal of energy to be absorbed. Also under rapidly applied dynamic loads
the yield strengths of concrete and steel tend to increase and can be appreciably greater than the static yield strengths.
Under combined stress conditions caused by moment and axial thrust, the combination of moment and thrust caused by static
loads that will produce yield stresses for a particular input-loading geometry must be determined.

In addition, a dynamic load factor (DLF) and a ductility factor ( ýk ) must be determined for transient response.
The DLF relates a static load to an equivalent dynamic load that will cause the same response to the structural system as
the static load. The ductility factor relates the deflection of the structure at yield to the deflection at failure.

Blast Loads
The peak ground surface air overpresmre (P.) reulting from the detonation of a nuclear weapon is some function

of the weapo size and the distance from ground zero (3). The duration time (td) is some function of pressure and weapon
size. The variation in ground surface air overpresures with horizontal distance for two weapon sizes is shown in Figure 12.
Also shown in the figure is a typical sketch of an air blast wave. The pressure decay is exponential with the positive phase
duration of the blast wave ending at time "t." Since a peak triangular input farce is used in the dynamic analysis (see
Figure 11), an effective duration (te) is ued to equate the actual force pulse to an equivalent triangular force pulse. An
expression (5) was developed relating the variation of effective duration time with pressure and Is shown In Figure 13 for
two weapon sizes.

Interaction Diagram
A dimensonles interaction diagram relating internal moment and thrust for compression members subjected to both

bending and direct stress was developed and is shown in Figure 10. The diagram was constructed for the geometry shown in
the typical section and was selected for several reason: (a) the value of "G" of 0.7 results in practical dimensions pro-
viding sufficient concrete cover over the steel for most cases and (b) the percentage of steel of I percent provides asuffi-
cient section for bendTng action.

I V ! - 10 % -' ;i Y! i 717v-i I , K . 7tf
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Fig. 10 DimeaIonles Interoction Diagram For Moment end Axial Thrust
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It should be noted that in making the calculations to construct the interaction diagram, the concrete area displaced
by the presence of reinforcing steel was neglected for the purpose of simplifying the calculations. This omission results in
an error less than 2 percent and is considered negligible.

The yield curve was prepared for various combinations of moment and thrust that caused yield stresses to occur. The
ultimate curve was determined for combinations of moment and thrust that caused ultimate stresses to occur. A third curve
was drawn which is the average of the other two. It is useful when an elosto-plostic response is assumed for structural
analysis purposes. The portion of the curve where tensile and compressive failure occur ore marked on the figure.

Dynamic Response
In determin'ning the dynamic response of a structure it is often conveneient to substitute an equivalent spwing-mass

system for the structure in question. Dr . N.-M. Newmark has developed a response chart (4) for a single-degree of free-
dom, spring-mass system, having on elosto-plostic resistance function and a peak triangular force pulse. Thi chart is
shown in Figure 1I. This chart makes it possible to determine rapidly the ovepressure load (P )that will cause the same
response as the static or esistance load (P ).- It is therefore apparent that once the ratio of Sothe duration time (t ) to
the natural period of the system (T ) is q determined, the ratio of somne ultimate deflection 8 )to the yield deflection

(8), and the static resistance (FP) are determined, the value of the overpressure load (P ) con be calculated readily.
y sq

DYNAMIC LOAD DESIGN METHOD

Equivalent Surcharge Loadiing
lIntis method, the tranient a.-orpressure, load is considered ais on equivalen~t surcharge of %oil. It is assumrd that

a buried concrete arch will fail in a compression ragime as indicated by limited field to~sts (V.2). As bendinp occurs 3and
the arch ring deflects outward, a passive soil resi-stance develop; that drivss the arch into a compression regimew of trisponse.
Equations essentia~lly the same as those shown in Table 2 for earth loads were developed for predisting rouc'.oris at an>
point on a two-hinged buried arch subjected to uverpressure foods. These equations relate pressure. arci' radius, and the
horizontal load factor (K). The load factor, K, relates horizontal as a function of vertical pressure. The equations were
used to develop the curves shown in Figures 14 thro.igh 16 for a two-hinged arch for thrust, shear, and moment, respectively.
In general, the combination of moment and thrust developed at a critical arch sectinn (section at which the combination
of the values of moment and thrust develop the maximum stress condition foor a given loading) will depend upon th, value
of K. Since it is assumed that a buried arch vabjected to overpressure loads will foil in cowmprsion. two iimiting cases
for the Equivalent Surcharge Loading Method were selected for design purposes. The minimum case hofreafter called the
threshold method was selected as xse that would result in combinction of moment thrust that would drive the arch to faiulire
at the threshold of the compression regime of fai lure, see Figure 10.- The max imum cowe her~mfter cal led the upper bouna
mehitad is selected as one that will drive the arch to failure in pure thrust.

Threshold Method. The threshold condition represent a special combination of moment 01nd thrust such that the
concrerte reaches Ultfat stress when the tensile steel reo"Ies yielu Wtesone wWs shown in Figure Ws ot wme point where the
straight line inftrsects the ultimate interaction diagram Since an equivalent spring os nu lyste having on elosto-lostic
response as shown in Figure 11 is atssumed. ;t is convenient to use the average, interaction diagram of Figure 50 for. carrputa.
tion.. The general equations ior internal mament and thrust at the threshold of the compresson regime ore dotenpined from
the average interaction diagram shown in Figure 10 ore as follows.

M. -0. 169P be2 (I
* C

T, - 0. 519'~ b

From Figure 14 and 16 far the two,-hinge arch, it is tviderit that the critical secteo far pt"dCing the vealhimum
fiber ftrems in the arch resulting fhom a combinotion of thrut ot-4 momen:1 occurs where 0 is 250 At this cuitical %*ction

(w 2^0) thrust is iadependent of K. th-prefore. a general eqvation for eatetial thmvt at this section, can be written

T=14f IP p (3)

The tota! static resistance. P .for the two,-hinged arch is thndotemnined by equating equaions 2 and 3. oddi", the deed
lood thrust (T )I and sovil for p

di q
0.515f, bt - Td

q (4)
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The natural period of vibration of the arch for the equivalent surcharge loading is assumed to be some function of
K and to be some value between that computed for an arch in the compression mode (T c) and that for the flexural mode
(Tf) of an equivalent beam.

Tn = T- (Tf-Tc) K (5)

where (from Refwrnce 4y.T 2R2

R
T 

t=

C O ft/sec (7)

T is coe'uted according to methods described in Reference 4 for on above-ground arch. In determining Tf for a two-hinged
arch, the effective length of an equivalent beam equal to 1/3 the developed length of the arch is assumed. This length
has been selected since the inflection point for moment occurs where 0 is approximately equal to 600 (see Figure 16). The
value "K" is determined by solving t m shown in Figure 16.

m= M -Mdl

q
M. and P are determined from Equations I and 4 respectively. 1-,. icai mon*ent (M0) is determined by us;.9 F;igures
3, 6, an9 where 0 is 250 After • is determined, enter tigure !'ronc firi'.. at the criticni section, i.e , where
0 equals 250. Since the arch is burieJ, the period determined a4y E:;,ojtion S ýust be 'Wodfi*d to include the effect of
earth cover according to the following expression:

T' (8)

In Equation 8. T is determined from Equation 5, whews m i•the mass of oncrete per .-it length, and m' the ms of
concrete plus thi =as of earth cover per unit length.

A dictillty factor ( A ), i.e., ratio of ultimna. deflection ( & ) to yield deflection (B ), of 5 was determined
for use with the threshold method. For a detailed expki-nation we AppeAdix C of rference 7. y

Uppet low- Method. The Upper Sound Me*'wW rep•wnh the upp limit few the equivalent swrcorge loading.
in this A&Wa -K- rs-#'Tcoaiy equal to %ty resulting in a uniform inworO Adlol loading around th arch surfuc. This
results in the some lo-ding condition as dascrt d in Rkfences4 and 6. as the uniform compression mode Iook,'ng. Slecous
of the brittle " Jallure assoclated with this typv of loadirg th ihorw. thrust (TI) for this case was determined by using
the yield interactiop diagram shwen in Ftgue IC and Is as follows:

T* a 204 Wak. (9)
The total eoteoal thrwt (CT) caused by the a0plled laodin -.s.rn 4 dead load thntt (TdI) cwt be witten faollos

T -144104*tP al (1
the tastl deed load thrust CT ) it detwomind by using f ipse 1. A. and 7 The tolo! static resistance (P ) can be solved
by equating Equations 9 &AdlO as the ,rtei (T..) and etenal thrst CT) must be e"I. Thelrore. q

1.2Vdcr bt- Td,

Ih natral p*W of vibltlion (1T I r on orch in the compesson regime is colcultod by usilg Equation 7 The
vae f&x the period to hen atodifled to inceldQ th effect of soM cover according to the tllowing eqatian:

The values for m end m' are the sane as thse deM-ribed in Equationl . Since this iso brittle of failre. a ductility
hc€, ( #4 ) nyeoesr than 2 is mod A $this, od

-54* Ptow"a
" Purpoam san arch hevin aoftdli% of a ft Wndo• thcknae of 4 In is slected The* rVv is 0then

analsed to detm"ne the velves of 1gmvw-wr4ce, r-@verprteu•re reswltig frm bth a 40 KT and 20 MT wpon

564



DESIGN AND PROTOTYPE STUDIES

that wct, Id cause failure (collapse).
Both methods, i.e., threshold and upper
bound, for the equivalent surcharge type
loading are present.d. The geomery .- - -

for the arch including values for various
design parameters are shown in Figure 17.

Threshold Method . - -
In ii thod for the equivalent

surcharge loading (see Figwes 14 through ...
16), it is assumed that when the arch is F
loaded a horizontol load factor (K) is 000
developed that wili cause the arch to
reach ultimate stress at the threshold of roo ...
the compression regime of failure, see
Figure 10. The thrust and moment due Soo .. -. .. -

to dead loads are determined first. 400 ... ... -

Determine thrust and moment

due to dead loads at the arch section -. .. .. - - .

where 0 = 250 (criticol section for over- v
pressure loads). By using the oppropriate • - ..
equation shown in Table 2 or the can-
vnient curves hown in Figures I ,t a-d
9, the fallowing values were determined:VF

M 3 ~~in-kips 7  flPs ().

static- 0v~rpreesur(P)44.7 C -

A xrsinfrstatic ovet-- -;1 7
preswur is Vreseted in EquaJor'o¶.4 and

0 515P to - T

P dc.•rcl-d

q am, 9 Pi/fr• 4)

Determiie honrszont1l land factor (K)
=h ;a-*I moment MYR 1-C0Ym"u1"d - G. ' 4 ý._

of the dead qd .....e ((Mv Iiiation
13) WWnd40 t oe WmsVVn
prm ko (# Fig. 13 Effective Durations vs Various Aorm-C e,*rurwve. For A 20 MT

(15) And 40KYWmo

$vbstftfte Equation I lent Equation 15 then

6M o Mdl O

12

However, from F14ure 16,

Substitute Equstion 16 Ifto 17 end Wcve forof

q

£ 120.7 Itjio2n
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.3 x
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Fig. 14 Thrust MT Due To Ground-Surface-Air O'~erpressure (P q For A Hinged Arch
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Fig. 15 Shear (S) Due To Ground-Surface-Air Overpressure (P q For A Hinged Arch
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Determine K firom Figure 16:
K =0. 86 4000 (19)

3'00

K0 0 Ll

- oon ~ i-J-L

*6See Figure 14 for !i!j,

11OSITNE C .1 MCVE y CAJSF S

30 ~ T E NSI O N I N O U TER FI GE R

30j -2400

CQ

Fig 16Mmn M ueT rudSrfc-i vrresr P)Fr igdAc

0 = T-(3-TK020

Tn =Tf (f -Tc K(0

From Equation 6: 2 2
T 7r R_

_ 250i (21)l
secry

=70 msec
From Equation 7:

c IB ft/sec (2
= 4.45 msec (2

Substitute 19, 21, and 22 into 20 and solve Tn
T n= 70 -(70 -4.45) (0.86) (23)

= 13.6 msec
Correct the value of T n to include the effect of earth cover (see Equation 8).

T' = T

where: m = 2 2 n4n (24)
= 50/g lbs-sec /ft

m' = (0. 7R-0. 4t) (R+t/2) (b) ( YE

g r K+m2 2 2 2
= 356,/g lbs-sec2/ftr + 50/g lbs-sec /ft =406/g lbs-sec /ft

4I7 2.87 (25)
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.1, q "- - ,-.

Wle- G.07,

TWO-H~INGE AACH SE..CTIO A-A

ASSUME[D DEi•SG. PARAtETERS

DESI•GN STRENGTHS : STATIC DI N AMvIC

*¢ .350 PSI ('•K . 3315 PSI*

f$ . 20.000 PSI

4( .40.000 PSI

W'.E G0.0.7S

Sn .1
UNIT W DEIGHPTMS R

" IS. 0 P ../1T

ys . 100 LP/ST
5

OTHER Wa0LIE S:
1, :0, 40

Mr .*05*V
S. 150n IO N(IN/F r

Dimensions: R = 8 ft
t= 4 in.
b = 12 in.

Fig. 17 Geometry and Design Parameters For Example Problem

Therefore, TT = 13.6 x 2.87 = 39.0 msec (26)
n

Failure Overpressure (P,,)

The ground surfMce air-overpressure (P.) that would cause structural collapse was determined for two weapon

sizes, Vge., 40 KT and 20 MT.

40 KT Weapon
"AsstumeP = 67 psi

From Fgutr~e 13, t 210 msec
Therefore: t,/T'n 210

from Figure II, at u/y , P /P = 1.0

using P from Equation 14 solve P 0q s

P = 66.9 x 1.0 say 67 psi which is equal to the assumed value and is therefore the required pressure resulting

from a 4A¶KT weapon to cause failure.
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20 MT Weapon
Assume P s= 59 psisO

from Figure 13, t e 1800 msec
e

Therefore: t = 8 0 0 = 460

from Figure II (extrapolation necessary) at 8 u/8y = 5,
Ps/q= 0. 88U Y

using P from Equation 14 solve Pq so
Pso = 66.9 x 0.88 = 58.8 psi which is cloae enough to the assumed value of 59 psi and is therefore the pressure

required to cause failure for a 20 MT weapon.

Upper Bound Method
In this method for the equivalent surcharge loading, it is assumed that when the arch is loaded a horizontcl load

factor (K) of unity is developed causing the load to be applied uniformly and radially around the arch. This results in a pure
compression in the arch.

Dead load thrust and moment
The critical section for dead loads, i.e., earth, concrete, and t.omperature changes, was found at 9 = 23a by

using the equations shown in Table 2 or could have been found more conveniently by Figures I through 9. The total dead
load moment and thrust were then computed for the critical section and are as follows:

M 10.56in.-kips 4.79 kips/ft (27)Mdl = 0.6 t_-_i- ;dl

Static overpressure (P )

The static overpressure is determined by using Equation II.

P = 1.20f' dcbt-Tdl = 162 psi (28)

q144R
Natural Period of Vibration (T)

C

The natural period of vibration is the same as that computed in Equation 22.

Therefore: T = 4.45 msec
Correct the value ofc T to include the effect of earth cover according to Equation 12.

€ T, = T
c c .(29)

where the value under the radical is the same as shown in Equation 25, therefore:

T' = 4.45 x 2.87 = 12.8 msec (30)
c

Failure Overpressure (P so)

The ground surface air-overpressure that would cause structural collapse was determined for two weapon sizes,
i.e., 40 KT and 20 MT.

40 KT Weapon
Assume P = 125 psiso

from Figure 13, t = 140 msece

Therefore t /T' = 140 = 11.0

from Figure 11, at 8 U/ /y = 2, Po /P = 0.77

Using pq from Equation 28, solve Pso

Therefore Fso = 162 x 0.77 = 125 psi which is equal to the assumed value and is therefore the pressure required to
cause failure for a 40 KT weapon.
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20 MT Weapon
Assume P = 121 psiso
from Figure 13, t = 1100 msece

Therefore: t /T' - 1100 92

from Figure II, at & u/&y = 2, P o/Pq = 0.75
Using P from Equation 28, solve P

q so

Therefore: Pso = 162 x 0.75 = 121 psi which is equal to the assumed value and is therefore the pressure required to
"cause failure for a 20 MT weapon.

Design Graphs
Graphs for use in the design of buried arches having a depth of soil over the crown of the arch equal to one-half

the arch radius are presented in Figures 18 and 19 for the threshold and upper bound methods respectively. These graphs
are reliable for arches having radii up to twenty feet and can be used regardless of the orientation of the blast wave. If
a structure is located above the ground water table, use the threshold method, Figure 18. If it is known that a structure
will always be located below the water table, use the upper bound method, Figure 19. Since the overpressure values in the
graphs represent pressures that should cause structural collapse, for simplicity it is recommended that any factor of safety
if used, be included in the overpressure value (P SO).

19/ VA(~LUE rO,9 DEAD £04'0
AND NORM&L DESIGN
COVDITRONS I GIOuNvD SupP4C.

?.0 - -----

i \ I --ii

S4 S 7E r/ON A-A

I p*- 0MI0A,
20Mr I G =O ,As 0---- -n-

.. . K P. 
. ...

I ~NO TE

'r. 1000 ".I
I ~f, T 40 ,O00op .s

R- 4 rO 16 fT

00 100 200 300 400
"Pto -(RGOUf&D'URFACt AIR -OV'V PA[S5Uf[, PSI

Fig. 18 Failure Overpressures Predicted by the Threshold Method

DISCUSSION AND CONCLUSIONS

Discussion
A study of detailed calculations for various arch geometries revealed that the inclusion of stresses due to diwad

loads had little influence in determining the failure overpressures shown in Figures 18 and 19. It Is believed that the
plots shown in Figures 18 and 19 offer an expedient approach to the design of buried arches that is rational and in keeping
with field data presently available for such structures.
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3 0
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Fig. 19 Failure Overpressure Predicted By The Upper Bound Method

A study was conducted to determine the difference in the response of a fixed end arch having the some general
geometry and strength characteristics to that of the two-hinged arch discussed in this paper. It was found that the over-
pressure to cause failure was about the same (10 percent difference approximately) regardless of the end condition, i.e.,
fixed or hinged.

Conclusion
'7red arches of the geometry discussed herein are able to withstand overpressures of at least 50 psi when designed

to withstand dead loads alone, i.e., earth, concrete, and temperature changes, using standard design strengths for steel
and concrete.

The predicted overpressure (Pso) necessary to cause failure of buried structures is not changed appreciably if the
dead load stresses are omitted in the response calculations.

The overpressure necessary to cause failure is approximately the same geometry and strength characteristics. There-
fore, the graphs shown in Figures 18 and 19 can be used for either fixed or two-hinged arches.

ACKNOWLEDGEMENT

This paper is based on a report prepared by the authors entitled "Design and Analysis of Underground Reinforced-
Concrete Arches" (7), under the authority of an overall research project dealing with the effects of nuclear weapons on
engineering structures, terrain, and waterways. Appreciation is expressed to all personnel of the U.S.Army Engineer
Waterways Experiment Station who assisted in preparing the report. Colonel Alex G. Sutton, Jr., Corps of Engineers,
was director and Mr. J. B. Tiffany the Technical Director of the Waterways Experiment Station during the preparation of
this paper.

APPENDIX 1: NOTATIONS

As Area of tension steel in reinforced-conorete member, in. 2

A' Area of compression steel in reinforced-concrete member, in. 2

b s Width of section, in. or ft.
C Depth of earth cover for arch crown, ft
d Depth from extreme compressive fiber to tensile steel, in.
d' Depth from extreme compressive fiber to compressive steel, in.
DLF Dynamic load factor 2
Ec Modulus of elasticity of concrete, psi or lb/ft
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f Allowable static compressive strength of concrete, psi
c
f, Static ultimate compressive strength of concrete, psi
c
f' Dynamic ultimate compressive strength of concrete, psi
fdc Dynamic yield strength of steel, psi
f& Allowable static tensile stress of steel, psi

fs Static yield point stress of steel, psi
gY Acceleration due to gravity, ft/sec 2

G Ratio of distance between compressive and tensile steel to thickness of arch section
H Horizontal reaction at arch springing line, lb/ft
I Moment of inertia, in. 4 or ft4

k Equivalent spring constant, lb/in.
K! Horizontal load factor for overpressure load
K Horizontal load factor for earth load

Kiloton, 1000 tons 2 2
m Mass of concrete per unit length, lb-sec /ft22
m' Mass of concrete plus mass of earth cover per unit length, lb-sec2/ft2

M External moment, ft-lb/ft or equivalent mass in a simple spring mass system, Ib-sec 2/ft2

M dl Dead-load moment, in.-kips/ft or ft-lb/ft
M. Resisting or internal moment section can develop at idealized yield for an elastoplastic response, in. -kips/ft
Mt Megaton, 106 tons
n Ratio of modulus of elasticity of steel (E.) to the modulus of elasticity of concrete (E )s $

p Ratio of tensile reinforcement in reinforced-concrete member to concrete area
P Static resistance or static overpressure, psi
Pq Ground-surface air-overpressure, psi
PS0  Load applied to a structural element as a function of time
R(t) Radius to center line of arch, ft
S External shear, lb/ft
t Thickness ofarch, in.
td Positive phase duration of blast wave, msec
t Effective duration of the dynamic load, msec
t Time to maximum response, msec
?' External thrust, lb/ft
TC Natural period of vibration of an arch for a compression mode of loading, msec

VC Natural period of vibration of an arch for a compression mode of loading corrected for earth cover, msec
T Dead-load thrust, kips/ft

T f Natural period of vibration for a flexural model of loading, msec
Ti Resisting or internal thrust section can develop at idealized yield for an elostoplastic response, kips/ft
T n Natural period of vibration, msec

To Natural period of vibration corrected for earth cover, msec
Vn Vertical reaction at arch springing line, lb/ft

Charge Weight, MTPS Coefficient for hinged rch, SP (ftxin. /ft)M Coefficient for hinged arch, M/P (ft x in. /ft)

PS Coefficient for hinged arch, s/P q (in. 2/ft)

A T Coefficient for hinged arch, T/Pq (;n. 2/ft)
yc Unit weight of concrete, lb/cu f?

r Unit weight of soil, lb/cu ft
Ultimate arch crown deflection, in.

u Yield arch-crown deflection, in.

AFO Change in temperature, 0F
13 Temperature coefficient of linear expansion for concrete, in./ln.i/F

9 Central angle of ar'.h, degrees
14s' Ductility factor 4/

0 M Coefficient for hinged arch, M/-Y E (ft4/ft) (ft-ft /ft)
OS Coefficient for hinged arch, S/7" E (ft 2)

OIT Coefficient for hinged arch, T/I E (ft2)
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tM Coefficient for hinged arch, M/,& F° (0o l 0

W S Coefficient for hinged arch, S/& F" lb
G/T Coefficient for hinged arch, T/A F (f)t x 21F

lb
ftx ZSF~
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FORCE TRANSMISSION DUE TO COHESIVE SOIL-FOUNDATION INTERACTION
UNDER VIBRATORY LOADING

by
Robert L. Kondner*

SYNOPSIS

The influence of footing size and mass on the dynamic forces or stress transmission due to cohesive soil-foundation
interaction i: presented for the particular situation of vibratory loading. The methods of dimensional analysis in conjunc-
tion with kinematic and force parameters in phase diagram form are shown to be useful in analyzing and formulating dynamic
stress transmission-deflection response. The results of prototype tests were analyzed for reinforced concrete, circular
footings with diameters ranging from 5 ft-2 in to 10 ft-4 in, total weights of the foundation system ranging from 6.41 tons
to 25.64 tons, and applied dynamic force ampli;udes varying from approximately 0.26 tons to 26 tons. The static stress
level about which the dynamic stress perturbations were applied wao maintained constant at 4.25 psi. Although the res-
ponse is nonlinear, the dynamic stress amplitude transmitted to the supporting cohesive soil is related to the displacement,
x, by a power relation. This is expressed in terms of a non-dimensional displacement amplitude parameter, x/d, which
conveniently accounts for the effects of footing diameter, d, as well as the transmission factor, (T. F.), of the soil-
foundation system. The dynamic stress transmission is given in both graphic and analytic form. The analysis and results
contained herein may provide insight on the dynamic force or stress transmission to supporting cohesive soils as well as the
associated displacement consequence of such transmission due to soil-structure interaction under dynamic loading.

INTRODUCTION

The effects of foundation size and mass,properties of the soil supporting the foundation, magnitude and nature of the
excitation function and static stress level ore important considerations in studying the response of a system due to cohesive
soil-structure interaction under dynamic loading. These factors are important aspects of both surface and buried soil-
structure systems. It is generally recognized that the response of a soil-foundation system is a nonlinear problem of a highly
indeterminate nature. The interrelated effects of the alcove factors on the dynamic response of such systems have not yet
been determined clearly in brood terms, either theoretically or experimentally. In addition, most experimental studies
are on models or relatively small scale foundations with prototype investigations quite limited in scope. It is highly desirable
to be able to estimate the displacements of 'he foundation system in order to compare them with acceptable displacemenw
tolerances of the foLndation. The maoeitude of the dynamic stresses transmitted to a cohesive soil by the foundation system
may have a very important effect on the total displacements of the foundation.

The present paper deals with the effects of cohesive soil-structure interaction on the dynamic force or stress trans-
mission to the supporting soil. These interaction effects are expressed in terms of the size and mass of the toundation, ex-
citation level, and damping of ýhe system for the particular case of sinusoidal Iooing of reinforced concrete, circular,
prototype footings with diameters ranging from 5 ft-2 in to 10 ft-4 in. Total weights of the foundation systems range from
6 41 tons to 25.64 tons and applied dynamic force omplitudes vary from approximately 0. 26 ton to 26 tons.

Although soil-foundation-loading interrelationships may be of a highly indeterminate nonlinear nature, it may be
possible to express the response of output directly in terms of the input or physical variables of the system without knowing
the mechanistic interaction between input and output. This is analogoos to the "block box" approach in which input
information is fed into the box and output Is obtained wthout knowing how the kiw actually, functions. Although such an
approach may leave something to be desired academically, knowing the respmlse for a set of physical variables may be
quite satisfactory from the practical viewpoint. In addition, the relations between inpat and output response may be
helpful in determining the mechanistic interaction among soil, footing system and loading.

A practical example where such an approach mi(,ht be applied is the problem of determining the vertical displacement
response of a footing supported on the surface of a conesive soil and subjected to vertical sinusoidal loading Classical
approaches to this problem frequently consider an equivalent mass of soil as participating in the viLrotion and, hence, the
inertial forces of such a mass must be included in the analysis. Such a soil mass is obviously a function of the footing size
and mass, excitation function, and properties of the supporting soil. To date, the author knows of no relioae, relations
giving the magnitude of the vibrating soil mass as a function of +e above varlables. However, the effects of such a

*ssociate Profesor -ortCivirngineering, Technological Institute, NorthwesternUniverslF,, Evanston, Illinois.
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vibrating equivalent mass might possibly be limped into the effects of the other physical variables. Such an approach is
used herein.

In general, when a cohesive soil is deformed by means of external forces, part of the work is stored elastically and
part is dissipated. For simplicity, consider such combined elastic and flow response as viscoelastic behavior and a material
exhibiting such behavior as a viscoelostic material. It is recognized that the response of a viscoelostic material subject
to oscillating stresses or deformations may be markedly influenced by the magnitude of the static stress level about which
the stress or deformation perturbations are taking place. Since a cohesive soil may be considered viscoelastic, it is
important to recognize the possible influence of static stress level on the transmitted dynamic stress response of cohesive
soil-foundation systems subjected to a pulse type of loading as well as on oscillating excitation of a nature prevalent in
the present investigation. However, the effec's of static stress level on the displacement response of the cohesive soil-
foundation system considered are complex and beyond the scope of the present paper.

THEORETICA L ANALYSIS

Consider the case of a rigid circular footing supported on the surface of a cohesive soil and subjectec to a harmonic
forcing function, Fd, of the form

Fd -FDsi(t÷U (I)

where FD is the dynamic force amplitude, W is the frequency, t is the time of loading, and 8 is the phase angle be-
tween the displacement and FD. The dynamic response of the soil-footing system is generally recognized as a nonlinear
phenomenon. However, the assumption of a harmonic wave form for the steady state displacement-time response inherently
leads to the concept of linearity, since the motion in nonlinear vibration may be periodic but not harmonic Nevertheless,
depending upon the degree of nonlinearity, it is possible to use a harmonic approximation for the response, particularly
when only amplitude data are being considered on an individual point by point basis.

It is often advantageous to represent a simple harmonic function in terms of a rotating vector. Figure I is a vector
diagram of the displacement, velocity, and acceleration with force leading the displacement by the angle 8 Since
the displacement is assumed to be a sine
function, the velocity is a cosine func-
tion and the acceleration is a negative
sine function; the velocity and acceler-
otion are 900 and 1800, respectively,
out of phase with the displacement.
The angles between the vectors are
called phase angles and the d;ngram
itself is called a phase diagram. Since
all of the vectors in Figure I are rotating
at the some frequency, they may be
considered as turning like the spokes of
c wheel, preserving their relative posi-

tions in the wheel,
For a foundation system of moss,m, m

the inertial term rmx" is a force whose
direction is opposite to that of the
acceleration vector. Consideration of
t+~e soil as a viscoelastic material allows
the soil resisting force to be divided in- X
to two component forces--a dissipation
or damping force of amplitude R I and a
restoring force of amplitude R4. The
restoring force vector is opposite to
that of the displacemen und the dissi-
pation force vector RI is in the ov;pasite
direc'ion to the velocity. Since the
response is considered to be harmonic,
the force system con be represented in
phase diagram fcmr as given in Figure
2 for the situation in which the forcing Fig. I Phose Diagram: Kinematic Parameters and Force
function F leads the displacement
function by the phcew angle 8 b y resolving the forcing function ioto two components perpendicular and parallel to the
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displacement vector and then applying the equilibrium condition~s at an instant of time, one obtains the following relotions

for the dissipation and restoring force amplitudes, respectively;

RI : F Dsina (2)

R2 = m; +FDcCos (3)

The same relations can be obtained directly from the equation of motion for wt 0 and w t 7•2.
By analogy with conventional static

loading, one may consider the amount of
displacement of the footing to be a func-
tion of the amount of force transmitted to

2: the cohesive soil supporting the footing.
This transmitted force, F is made up of
the two components R and R as indica-
ted in Figure 2; that ia, the Tansmitted

force is the vector sum of the force trans- F
mitted through the dissipation mechanism
or damper and the force transmitted
through the restoring mechanism. The
amplitude or modulus of the transmitted
force vector is denoted as FT. Fig:ure 3 t
is a vector force polygon for the rf~sponse W

given in Figure 2. All force vectors are
shown in Figure 3. However, F is
equivalent to the vector sum of RI and
R2 and can be combined with the applied
force amplitude, F D, and the inertial force
amplitude to form a force triangle. From
Newton's second law, the resultant of R2 R
all the external forces acting on the TFT
footing system must be exactly equal to \ ,)
the product of the mass and acceleration
with the direction of the acceleration.
Thus, the external resultant force vector
cannot have a component normal to the
acceleration vector. This leads to the
relation

FT sin M = FD sin I (4)

and the transmitted force amplitude is
sin 5)Fig. 2 Phase Diagram: Force ParametersFT = FD •

As indicated in Figure 3, R

tan- R, (6)

Substitution of Equations 2 and 3 into RI"F .11
Equation 6 gives inOL ii = ton'- Lm +D cs• (7)

Fig. 3 Force Vector Polygon

The value of sin OX con be conveniently obtained from a table of the values of the trigonometric functions.
The transmission factor, (T.F.), is the ratio of the transmitted force to applied force and con be written as

(T.F.) = FT sin, (8)T sino
D
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and the transmitted force amplitude can be written

FT = FD (T.F.) (9)

Dividing the transmitted force amplitude by the cross-sectional area of the footing gives the dynamic stress amplitude trans-
mitted to the supporting soil as FD (T. F.)

DT A (10)
It is interesting to note that the transmission factor is both non-dimensional and a measure of the energy dissipation

parameter of the system.
A convenient form of expressing the physical phenomena in terms of a finite number of physical quantities con be ob-

tained using dimensional analysis. The functional relationship obtained can be written

T (T.F.),

where d is the footing diameter, 0' is the static stress, p is the natural frequency of the system, and q is a restoration para-
meter of the soil system. The explicit form of the functional relation may be investigated experimentally.

ANALYSIS OF EXPERIMENTAL RESULTS

The author has been involved in ther analysis of the results of a number of prototype footing tests conducted using
vertical sinusoidal forces generated by the centrifugal force due to a rotating eccentrically mounted mass. The test results
analyzed in this paper were obtained from reinforced concrete circular footings with diameters of 5 ft-2 in, 7 ft-4 in,
9 ft-0 in, and 10 ft-4 in supported on the surface of a relatively uniform silty clay. Unfortunately, extensive soil test data
were not available from the test area. Available information indicates the following typical soil characteristics; average
weight density of 120 lbs per cu ft, compression modulus varying with depth from approximately 10,500 psi near the surface
to 22,000 psi at 29 ft, and a shear modulus ranging from approximately 4,000 psi to 8,500 psi over the same depth. Moid~li
were determined using seismic methods. Each footing was loaded to a static pressure of 4.25 psi with ballast symmetrically
placed and secured to the footing. The static pressure included the weight of the footing, weight of the vibrator, and
ballast load. The areas included were 20.97, 41.94, 62.92, and 83.89 so ft, while the static weights included 12,820,
25,640, 38,460, and 51,280 Ibs, respectively. The dynamic force amplitude applied to the footing con be written

FD = Mrw 2 (12)

where M is the eccentrically mounted rotating mass and r is the eccentricity. For a footing test, a particular eccentricity
was selected for a constant magnitude of eccentric mass and steady state conditions were obtained for various values of
frequency. Four values of eccentricity or excitation level were used for each footing. Sinusoidal forces were applied
for frequencies ranging from approximately 6 cps to 30 cps, subject to the limitations of the vibrator. This corresponds to
force amplitude, FD, ranging from approximately 525 lbs to 52,000 Ibs, depending upon the magnitude of the eccentric
moss, the eccentricity, and frequency of oscillation. All footings were carefully instrumented with various configtirations
of transducers and pick-ups for both test control and displacement measurement. Special instrumen ition was used to
measure the phase angle, &' , between the applied force ard the footing displacement. Thus, for each frequency of
oscillation, the force amplitude, vertical displacement aw.plitude, and phase angle be' -en forre and displacement were
obic'red.

Dividing Equation 12 by the crass-sectional area of the footing gives the applied dynamic stress OrD. Figure 4 is a
typical plot of applied dynamic stress as a function of frequency. A typical displacement amplitude-freouency respose
with four levels of excitation is given in Figure 5 for a footing diameter of 9 ft-0 in. The total weight of the footing system
is 19.23 tons and corresponds to a static stress of 4.25 psi.

The dissipation and restoration force amplitudes corresponding to the response of Figure 5 can be calculated with
Equations 2 and 3 using the measured phase angles associated with particular values of frequency. The corresponding values
of the angle CC and transmission factor (T. F.) con be determined using Equations 6 and 8, respectively. Dynamic stress
amplitudes transmitted to the supporting soil were determined using Equation 10 and are presented in Figure 6 as a function
of frequency. Comparison of Figures 4 and 6 indicate that although the applied dynamic sthess continually Increases as
the square of the frequency, the energy dissipation of the cohesive soil-foundation system causes the transmitted dynamic
stress to tend to level off at increased values of frequency. It is interesting to note that the values of Cr T were determined
using phase angles and not displacement amplitudes. Thus, comparison of Figures 5 and 6 indicate that oJemoay consider
that the values of the displacement amplitudes are primarily functions of the dynamic stresses aDT felt by the cohesive
soil.
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Since all of the footings were supported 14
on the some cohesive soil, the restoration
parameter of the 5oil may be considered a
constant. Thus, the non-dimensional para-
meter " is proportional to 0')T' the 1,2
dynamic stla o amplitude transmittedYwhie
(" is proportional to the static st!ess level
(4 S2Spsi) about which the dynamic load
perturbations take place. Lumping the
transmission factor and x/d together siripli-
fies Equation II. Figure 7 is a piot of 0o
versus x/d (T.F.) for footing diamet2irs OPT . 0 0.8
7 ft-4 in, 9 ft-0 in, and 10 ft-4 in, constant C.
excitation of M 0 r equal 0. 368 lbs per sq sec C
and a constant static stress of 4.25 psi. This a 06
corresponds to total weights of 12.82 tons, 0
19.21 tons and 25.64 tons. Normalizing the
displacement amplitudes by the footing dia-
meter apparently accounts for the effect of 0.4
the size of fcotirig on the dynarric response.
Figure 7 also tends to indicate that the 0.3684 2
inertial forces of the system take into account 0.2 M A
variations in total weight for a constant level d9 ft-Oin.
of static stress. The correlations are good
for disp!acements at frequencies less than
resonance while the maximum deviations 01
occur at high frequencies where the phase 51 20 25 30

angle measurem3nh are less reliable with W in cps
variations in W . Figure 8 gives the varia-.
tion of 0" DT a; a function of x/d (T. F.) for Fig. 4 Applied Dynamic Stress Amplitude vs Frequency
footing diameters ranging from 5 ft-2 in to 18
10 ft-4 in, total weights from 6.41 tons to
25.64 tons, anr excitation levels ranging
from 0.368 to .470 lbs persq sec. No 16 - -"-_

phenomenological pattern of size, total mass, 4
or excitation level is apparent.

Since the resonant amplitudes are the 14 -

critical displacement values, it is interesting
to examine the resonant response of the sys- 12
tems tested, Figure 9 is analogous to a con-
ventionol static type of stress-deflection plot
for ie footings tested. In thih case, the 1 10 3
stress considered is the rescoant dynamic
stress omp~itude tramsmitted to the supporting
cohesive soil and the deflection used is the 18 8 //

resonant amplitude of footing displacement, X
& . The response given in Figure 9 is

similar to that obtained from conventional S rou u4.25 psi
static loadings; namely, for a constant value / s /totiitress 9 psi
of transmitted dynamic stress amplitude the Footing Diomter,9ft-Oin
deflection amplitude is larger for the larger
size footing The results of the single test

for the 5 ft-2 in diameter footing do not fit I
it, with the trends of the other 12 tests. How- .- 1.101
ever, the reliability of the test on the small O0 4- 1.470

footing is highly questionable because of imn 0 4 IS 12 16 20 24 26 32
proper functioning of the phase angle instru-
mentation, leading to doibtful values of the W in cps
phase angles for this particular test. Thus,
one must question the reliability of that par- Fig. 5 Displacement Amplitude vs Frequency: Different Excitation Levels
ticular point on Figure 9.
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Fig. 6 Transmitted Dynamic Stress Amplitude versus Frequency

Figure 10 is a plot of the non-dimensional resonant amplitude parameter, a/d (T.F.), as a function of a" The

response of the three large footings given in Figure 9 seem to collapse in a single bond or curve in Figure 10 with nTo

apparent phenomenological order. The advantage of the non-dimensional formulation is quite apparent. Since 01n is
proportional to CDT/o , Figure 10 is essentially a plot of ", A tud versus Aid (T.F.) for a normarqnized vclu fDTr.

The value of the /q resonant transmission factor, (T.F.) , varies from 1.03 to 1.40.

Consideration of the resonant response /p / I) for cr' = 4.25 psi leads to a smplification of Equation II to the
form " -

ArDT (13)

Equation 13 also can be rearranged so that O'DT/, is the dependent variable. Assuming a normalized value of q = I, one

can express the resornant response graphically -" by plotting log (o T) versus log C A /d (T.F.)) as given in Figure

II. Approximation of the response in Fig',re II with a straight line I9a91 to on expression of the form

DiT = B 
(14)

where B is the intercept and C is the slope of the straight line. The particular values of 8 and C would seem to be functions

of the particular cohesive soil-mass system. Thus, C'0, can be expressed in terms of the resonant displacement amplitude

as given by Equation 14 or in terms of the size and masoPf the footing as well as the dissipation of the system, as obtained

from Equations 7, 8, and 10.
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In orde, to use +#h resnults g4ven ', rgurel 10 15
and II or Eguation 14 for a particular vibratory
loading on a footing with the static stres- level 0

considered and supported on the cohesive soil
testc'., 14 is necessary to know the value of the
resonant transmission fac.or in order to calcu-
late the values of " DT as welt as the deflec-
tion parameter. However, the resonant trans-
mission factor is a function of the soil-founda-
tion system and the manner of loading.

From the conventional analysis of the forced
vibration of a linear damped spring-mass system,
it can be shown that the resonant value of the
transmission factor can be written

T.F. - F = I+[ J 1.0 t
where E is the eccentricity factor defined as

ai Mr 0
C= M (16)

with M the eccentric mass, r the eccentricity, C 0
and M fhe total .nass of the footing-structure
system. Since &is an expression of the influence
of the soil-foundation system and 6 relates to LO
the footing-loading system, Equation 15 may be Q
related to the actual resonant traosmission factor
associated with the prototype dynamic soil-
foundation system. Comparison of the resonant
transmission factors daterrnined by Equations 8
and 15 indicate that those determined by Equation
15 are approximately 89 percent higher than those 0. -

given by Equation 8. The values determined /

with Equation 15 range from 1.28 to 1.74 while
those determined by Equation 8 range from 1.03
to 1.40. If the resonant transmission factors Footing Diameter
calculated with Equation 15 are used in Equation
10 to determine the transmitted dynamic stress a 7ft-4in.
amplitudes, cr DTT' the results given in Figure 0 9ft-0in
12 are obtained. Approximation of the results
of Figure 12 with a straight line representation A 10ft4 in.
leads to an equation of the form of Equatiun 14
with different values of the coefficients i and C. 8 4.25 psi
In Figure 12, the respome of the 5 ft-2 in diameter
footing is more compatible with the results of the
other footing tests. This would seem to indicate
the phase angle measurements for the small 0

footing were indeei in error. 0
For the prototype study conducted, the res- 0 0.2 0.4 0.6

pans* caii be represented by Figure 12 and Equo- 1
tion 15. It can also be represented by Figures in
10 end II or Equation 14 afong with the values of d (T. F)
(T.F.) determined from the phase angle response Fig, 7 Transmitted Dynamic Stress vs Dimensionless Displacement
of the soil-foundation system. Paramete,: Constant Excitation Level

It is felt that these analyses and represen-
tctions bhed Insight an he esti•natlon of dynamic force or stress transmission to the supporting cohesive soil as well as the
displacement response associated with transmitted stresses due to cohasive soil-foundation interaction under dynamic
loading. The effects of footing size and total mass ar* Included; however, the possible effects of the static stress level are
not necessarily included as the static stres was maintained constant for the present study. Additional aspects such as phe
effects of remnant frequency, static stress level, and response at frequencies other than resonance remain to be investigated.
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Fig. 8 Transmitted Dynamic Stress vs Dimensionless Displacement Parameter: Different D;ameten
and Excitation Levels

Work is currently con•g ducted to develop laboratory/test techniques to determine the energy storage and energy dissi-

potion properties of cohesive soil specimens, with the hope that these properties can be used in theoretical solutions to
estimate transmission factors and, hence, dynamic stress transmission due to soil-structure Interaction.

CONCLUSIONS

The influence of footing size and moss on the dynamic force or stress transmission due to cohesive soil-foundation inter-
a:tion is presented for the particular situation of bibratory loading. The methods of dimensional analysis In conjunction
with kinematic and force parameters in phase diagram form are shown to be useful in analyzing and formlating dynamic
stress transmission-deflection response. The results of prototype tests were analyzed for reinforced concrete, circular
footings with diameter% ranging from 5 ft-2 in to 10 ft-4 in, total weights of the foundation system ranging from 6.41 tom
to 25.64 tons, and applied dynamic force amplitudes varying from approximately 0.26 ons to 26 torn. The static stress
level about which the dynamic stress perturbations were applied was maintained constant at 4.25 psi. Although the res-
ponse is nonlinear, the dynamic stress amplitude transmitted to the supporting cohesive soil is related to the displacement,
x, by a power relation. This is expressed in tenss of a non-dimensional displacement amplitude parameter, x/d, which
conveniently accounts for the effects of footing diameter, d, as well as the trnsmission factor, (T.F.), of the soil-foun-
dation system. The dynamic stress transmission Is given in both graphic and analytic fanor. The analysis and results con-
tolned herten may provide insight on the dynamic force or stress transmission to supporting cohesive soi as well a the
associated displocemont consequences of such trammisslon due to Wil-structure lnternaction under dynamic loading.

561



SQsL StIUr-Tjt 'NTEVAC TON

ACKNOWLEDGEMENT

The outhor is indebted to the U. S. Army Engineers, Waterways Experiment Station, Vicksburg, Mississippi, for
their support of the analysis presented in this poaer However, the results of the analysis do not necssarily represent the
views of the sponsoring agency. -

~2t I5 Stoic Stress =425 psi
Foating Diam whm Footing Diam ete

o sft-2m e 5ft-2n
7 ft - Ain * ?ft-4in

/9f•-Oi4. a 9ft-O4n
A I~ft--4

00

10 20 50 0 1 .. . . .. .

Am 10 mnchn n 0-
Fig. 9 Transmitted Stress Versus Displace- d (T F)

ment: Resonant Amplitude Response Fig. 10 Transmitted Stress Versus Dimenion-
less Displacement Parameter: Resonant
Amplitude Response

40 * • ..-
40-

20.I

101

°I0 .; .. . .s,-,: t o,, / .. . Fovqsot.se

041 - A. - ..... : 9tt-Om: " 9f1-O
& 10t-d1 ,s 06 9 IOft-4in

I'2ps C',42S
-4 04 06 04 to to 0 0 24

0) 0 04 04 Ol 10 to 40........

Fig. I I Rewa~mnt Amtplitude Response: Nlaoe Fig. 12 Rtesowi Amplitude Rep .s Trmmini;on

Phase Arngls Foctar from Anplitude antd Exc!taflon

562



THE THEORY OF LIMITING EQUILISPIUM FOR
AXISYMMETRIC PROBLEMS: A COMPARISON WITH

EXPERIMENT ON SILO SKIN FRICTION
by

C. J. Costantino* and A. Longinow*

ABSTRACT

The theory of limiting equilibrium is used to obtain theoretical predictions of slkir friction developed along
vertical cylindrical silos embedded in soil which is subjected to a uniform static st.rface overpressure. Comporison of the
results is made with experiments conducted in an Ottawa sand suLjecici to surface overpressures up to 100 psi. It is
found that reasonable agreement between theory and experiment is obto1'ncd few tests conducted in dense sands where
passive type shear failLres are obtained. The results of the tests in loose sands do not corroborate the theory, as wou.ld be
anticipated based upon volume change effects accompan-,ing shearing act-on. Both the conolytic ond experimental results
indicate that the developed skin friction forces ore significantly higher than those usucily ýoken into account by current
design methods.

INTRODUCTION

A major problem encountered in the design of uindetground stru~ctures, both conventional and protective, has
been the determination of the loads transmitted by or through the soil. The uncertainties involved in this arta have
developed due to the incomplete understanding of the response of soil to load, both static ond dynamic, as well a! the
influence of structural flexibility on load distribution (arching effects).

Various theories have been evolved in on attempt to approxrimate soil behavior, it being possible to categorize
these into two sepaort" groups. The first group is concerned with stre-ss states wherein a smaoll chont-e .n magnitude of
the applied forces does not violate equilibrium of the %ystem. Into this cc~tegory fall the various consolidation theories
for cohesive soils, as well as the solutions based upon the theories of elasticity and viscoelosticity.

Trhe second category of analysis is concerned with str"-s sta~tes wherein a small chonge :n the applied loads
will cause a loss of equilibrium (stobility type problems). This group ;ncludss the studies of earth pressures on retaining
walls, ultirna' resistance of foundations, the various methods of trial failure (or slip) surfaces, arid, an approach becoming
widely known of late, the theory of limio;.-j equilibrium.

This latter theor attempts to develop a more rigorous approach to the probliem of critical equilibrium than has
heretofore been used in the field of soil mechanics. An oxtensive exposition of the theor con be found in th. text by
Sokolovski (1), in which 1,e der's exclusively with the plane-strain problem, vlthough many other studies hove appeared
in the open literature (2,3,4,5,6) concerning this problem. Ver few solutions. however, may be found co~ncerning the
oxisyrnmetrlc problem, the principal contribution in this aren Leing made by Sorezentsev (7).

The application o~f this theory of limiting equilibriumn to practical tworbtems eventually doepenrds upon the iuccess.,
with which experimental rosults check the theoretical cor~clusions and determi~ne the limits of its applicabiliry. The purpose
of this study, therefore, has been to compare experimental r Iuts fw a W~ruo flift', -_t I~~'te~tio '4vdrti

obtained by the the ofy limiting eqtailbrium,

VERTICAL SILO AIN PRICtION STUDIES

One problem encountered in the design of hardened silot is the d~te-mi'na!;on of the axial load ftranmrrttd
to the tilo through skin friction dtvejoped between the s _lad the ttructu.re This 5oadift is caused by dif e.sti I
vertical displacements (Figure fl of the itniruche GAdt the "Ie due tooa passIng su 'rfate air siwxk wove.

To investignts, this pcoblem, a seies of soatic tess wee* performod on small %Cale %il* models TheCe CY'W4J;C0I,
models were embedded in the soil (Figur 2) and retatirv. ffnaton between the soil and 'nods was ;dv~ced 6y A)i.h~ng 0:-~
models upward through the soil until Walure a.-Curred. Fr these test% (1evuseo push-oo. testw)., a range o sltAt,'c su-ucv
Overpressures up to 100 psi was applid to the soil prior t ' a "Plcat,9on aiothe psish-0,i 9rusv.

rour maodls made -- %I t. tubing wore vVWt with length-dionetor totiot of IA0, 3.58, 7ý 16, and l6,L Tlhe
loterol surfate of eoch silo model wast roughened by cutoing 20 V-grooves per inch 41/32 in, deto) to assute It~w at'hire

Reseach MiTI1t, isemch Institute, Chicao". Illinois.
"~Assistaint Eivainee, IIT Reseohlh lImstitute, Chicago, Illinois.



SOIL-STRUCTURE INTERACTION
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Fig. 1 Silo-Skln Friction Development During Loading
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would occur within the soil. In all tests, a granular soil (Standard Ottawa sand) was used, with tests being conducted at
both a low (9 percent) relative density and a high (100 percent) relative density.

A grain size curve for the sand is shown in Figure 3. Details of the test procedure and fixtures are contained in
the Appendix to this report.

ANALYTICAL STUDY

To further investigate this problem an analytic solution for the push-out test was obtained using the theory of
limiting equilibrium. The aim of this approach is naturally to determine, by comparison with experimental results, the
regions of its applicability, if any, so as to allow its use for more general skin friction problems of interest. We describe
in thie following paragraphs this analytic solution.

EQUATIONS OF AXISYMMETRIC EQUILIBIRUM

The positive stress state is defined in Figure 4 for the axisymmetric case. The two equations of equilibrium
become (7)

-r ,rrz r 0 =0r rz •

•°'z 6rrz T rz++ =I""+ "r r (1)

From the conditions of the problem, it follows that 0" is a principal stress.
e

CONDITIONS OF LIMITING EQUILIBRIUM

From the Mohr failure theory (8), the maximum shear stress that a soil can sustain a given plane Is given by

ITrnl = c+ U7ntan% (2)
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Fig. 2 Silo Model Push-Out Test Arrangement

where Tfn is the shear strength of the soil along the plane with normal n, c is the cohesion, 0, is the angle of Internal

friction, and O'n is the normal stress on the plane. Written in terms of the principal stresses, Equation 2 becomes

1 1 3 ( 3

n- -"-y tano (3)

where I. and 0are the maxlmurt, and minimum principal stresses, respectively. In addition It Is assumed that either

0* or a. a. (4)0 2 3 0 2 1

Equations 3 and 4, therefore, roke up the two equations of limiting equilibrium. It is assumed by these

equations that in the "critic il" zone failure is Impending and that the maximum shear strength of the soil is being developed

throughout the zone, In this zone, it is possible to construct surfaces whose tangent planes at every point coincide with

the wrosponding slip planes. Such surfaces form a system of two curvilinear families and are called "slip surfaces."

Tim= assumptions of limiting equilibrium (Equations 3 and 4) make the problem statically determinate In that the

stress distribution within the critical zone can be determined from the given stress boundary conditions. Using the

substitutions

.58 (5)

si
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Equations 9, 10 and 11 allow for solution for a particular problem together with the required stress boundary conditions.
For the push-out test (see Figure 5), the cylindrical surface AC becomes a slide surface when the force F be-

comes large enough to overcome the developed shear stresses between the cylinder and the soil. In addition, if the
angle of wall friction is equal to the angle of internal friction of the soil, the cylindrical surface becomes a charact-
eristic surface.

The boundary conditions for this problem are: along AB: a = 00; a- 3 =p (12)
along AC: a = - (450 + 0/2)

The governing equation along AC is (Equations 9b and 11b)

Vd = f(13)

which upon substitution of the boundary condition becomes

d-_ ycot 0 1 - SIMn14
- + 1-"n2 (14)

0
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Eliminating 1) from this equation by Equation 7, the equation for stress along AC becomes

dT Y " 1 - sin (15)
=Z cot)

0
The solution to this equation is A z/r

01 0. ( +Yj~~e 0...~-. (16)

1 - sin%where A

and Gro is the initial mean stress at point A on surface AC.
To determine Qo, we use the boundary condition that 1 AC = at point A (17)

AB
From the given conditons of the problem, a singularity exists at point A, since the stress conditions assumed along AC are

not compatible with those assumed along AB.
From Equation 17 the initial condition is found to be

Se-( '/2 + 0) tan (8
o : P w-sin

The shear stress along the wall is
V - Qtanon Q'sin cos. (19)

and integrating along the area of the cylinder we find

F r) . r

IIr I...) 0.i rA\ ,A l,/ro\ •i•

2v r sin 0 cas ( ,/r (2

P 0 1 0)

Defining the average shear stress as v - F

0
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we arrive at ALo r '_. + r ) ((AL )

= sin ( Cos0 L ro - (21)p (_P p Kp

NUMERICAL RESULTS

Figure 6 contains a plot of the average failure skin friction as a function of length-radius ratio of the cylinder
for various values of the parameters 0 and y'L,/p. From these curves, the following items may be noted:

(a) the average shear stress developed along the sides of the cylinder increases rapidly with the length-
radius ratio of the cylinder;

(b) as the angle of internal friction of the soil increases, the developed skin friction increases, reaches a max-
imum and then decreases. The angle of frictionm at which this peaking occurs increases with an increase in Wr

4 m0

3- IL - 1.0
mP

IL ..

Z- P

-L 0.0
p

0.8

SS 0

0o .6 - i

0.4- 3a

0..2

0.1

S3 4 6 B 10

0.
Fig. 6 Average Shear As A Function Of Length/Radius Ratio

Figure 7 contains a plot of the radial stress along the cylinder wall as a function of depth, for various values of the angle
of internal friction. From these results, it may be noted that the stress Increases rapidly with depth. In addition, as the
soil friction angle increases, the applied radial stress decreases, at least for the depth ranges shown. At much larger depths,
this Is no longer true.

589



SOIL-STRUCTURE INTERACTION

aa//

Fig. 7 Variation Of Normal Stress With Depth, Y= 0

Of more direct interest, however, is the comparison of the theoretical and experimental results, which are
shown in Figure 8. The results of two series of tests are presented, one conducted in dense sand and the other in loose
sand. It may be noted that for high values of L/ro ( > 10) the theoretical predictions of developed shear are much higher
than those found experimentally. In the lower range of L/ro (< 10), the experimental and theoretical predictions are of
the same order of magnitude, at least for those tests conducted in dense sands.

The experimental results obtained from the tests conducted in loose sands are lower than the corresponding rr-ults
for dense sands and are in further disagreement with the theory. An explanation of this result may be given as follows.
For the soil in the dense state, a volume expansion accompanies the shearing action. This in turn induces a passive re-
sistance of the soil to motion, corresponding to the thcoretical development. In the loose state, however, this is no
longer true, since a volume decrease accompanies shearing action of the soil. Further experimental work is required
with low friction angle soils exhibiting dilotency during shearing to justify this statement.

CONCLUSIONS

It is felt that a powerful tool Is available to investigate many foundation problems of Interest to th, designer.
However, Its application to practiccl problems, as with all theories, must be made judiciously, so as to ensure that the
phenomena assumed In the theory at least in a grass sense approximates thse behavior under actual conditions.

From the preceding results, It is felt that the following conclusions may be drawn:
(a) the radial stress along the cylinder wc-1l Is predicted by tIk orIly,sis to i-crease exponentially with depth

(Figure 7). Clearly, this result cannot be valid for the deeper depths of Interest. This Is also Indicated by comparlson
with the experimental results (Figure 8). Thus, It would appear that the assumption of passive behavior of the soil Is not
valid over the entire length of the cylinder, at least for values of L/ro ) 10.

(b) It may be noted that the so!utlon depends upon the surface overpressure applied at the edge of the cylinder
only, and Is Independent of the surface pressure applied at other locations. This Is due to the fact that the cylinder
surface Is taken to be a slide as characteristic surface. This would Indicate that some soil mctes with the cylinder and
faiure actually takes place at same distance away from the cylinder. This Is similar to the results obtained from pile
pull-out tests.

(c) In the range of Interest of currently designed silos (L/ro( 10), the analytic and experimental results are
comparable. Cuwrent desir, rdethods use the following procedure for estimating skin friction effects. The radial stress
Is taken to be equal to a fraction (about V3) of the applied surface overpresure, and the developed shear stress to be
equal to tan 0 times the radial stress. This leads t,, %e cesilqn relation
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APPENDIX

Tests were pertomed In a 3 ft diameter by 3 Ft deep preusur vessel. The v.ols of the vesel were coated with
3/2 mil thick ccatlnp of bonded Teflon and a single sheet of Teflon 0.005 In. thick was loosely attached over the surface.
This arrangement is the result of a series of tests perfomed on varlow types of surface caatings to determine the surface
treatment that reduces frictional vestraint at the walls of the pressure vessel to a reasonable minimum.
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The general test set-up is llustrated in Figure 2. The silo model was placed on a wupporting stand and the
3/4 !n. push-out rod passed through c pipe s0eeve to prevent frictional contact with the soil. At the lower cover of thm
pressure vesel, the rod passed through a "Bronzoil" bearing and the lower end of the rod made contact with a force washer
which rested on a hydraulic jack head. A sand wiper assembly served to prevent sand from flowing under the model when
it was lifted off the base during a test. The "Bronzoil" bearing provided lateral support to prevent possible buckling of
th. push-out rod.

The load measuring assembly consisted of a spherical bali, ball seat, force wosher and a nipple type force
washer sea,. Two Lockheed Electronics Company force washers with capacities of 40,000 lb (Type SK-TR-47) and 10,000
lb were used interchangeably, depending on the magnitude of load anticipated. The force washer was securely placed on
a nipple which was screwed into the head of a Lyncrr hydraulic jack which provided the push-out thrust. A spherical ball,
which made contact with the push-out rod, rested on the spherical seat of the force washer ieert. The hydraulic jack
was supported on an X-frame fabricated from 12 in. WF structural members. The jack frame was supported by eight high
strength rods which strewed into the bottom flange of the pressure vessel. The soil used for these tests was Ottawa sand.
Two soil states were used, dense and loose. To obtain the dense state, the sand was placed in the pressure vessel, in 12
in. layers. Each lift was vibrated with a penetration type concrete vibrator for twelve minutes in four symmetrical places
along the periphery of the vessel. The depth of penetration of the vibrator probe was a maximum of 18 in. Two density
measurements were taken with a Donsity Scoop for each lift after vibration. To obtain the Icse sand state, the sand was
pla,;ed in the pressure vessel with a hand scooo, which was held at a height of approximately 12 in. while being moved
in a symmetricoi manner around the silo model. Two scoop density readings were ulso taken for each 12 in. increment of
height as was doae in the case of the deme state.

The upper surface of the sand was made concave to allow approximately I ir. between the silo cover and the
pressure vessel cover. A rubirer sealing membrane was placed over the surface to prevent leakage of air pressure through
ihe sand. Surface overpipessures of 0), 20, 50, 75, and 100 psi were employed in the tests. The pressure vessel cover was
secured in place by 30 high-strength bolts torqued to 130 ft-lb.

The procedure usec: in performing the teas is as follows: The base of the silo modei was lifted off the stand by
the use of the hydraulci jack a distance of Gbout 0.2 in. during the placement of the soil. After the containment vessel
was filled with soil and the diaphragm and pressure vessel cover were securely in place, the jack head was lowered and
surface overpreusure was applied. This procedure was fo!lowed to reduce the initial skin-friction generated by compreusion
of the soil prior to application of the monitored hydraulic jack force. That is, if the silo model were allowed to rest on
the stand during application of surface pressure, large relative displacement between the soil and the model would occur
at the tup of the model. This relative displacement could %;unceivably be great enough to create shear failure at the
interface prior to application of the push-out thrust.

To obtain the land at which the skin friction on the model is a maximum, the model was pushed through the
sand by the use of the hydraulic jack at an average rote of 0. 1 in. per minute. Deflection readings ,t f the jack head
were taken by the use of a dial gauge attached to the bottom of the vessel. Deflection readings were taken at 0.005 in.
increments. Force washer load readings, token simultaneously with the deflection readings, were o€tained from a
Huthaway (Type RS-20) Strain Gauge indicator.
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DISCUSSION

INTRODUCTION

The following material was recorded on tape during the formal sessions of the Symposium.
In most instances, the speaker has had an opportunity to verify the validity of the transcription
as it appears.

Temporal significance of questions, answers, and other remarks has been preserved for the
reader by using the same headings as those in the earlier divisions of this Proceedings. For
example, the discussion which occurred after presentation on "State of the Art," Tuesday PM,
appears after the heading, "Session Four - Tuesday PM." All material within these divisions is
presented in order as it actually occurred. In some sessions, questions followed the individual
presentation; in other sessions the questions were saved until after the formal presentations were
completed. Wherever possible, slides or other illustrations which were used in the discussion
are reproduced with this material. No attempt has been made at this point to duplicate
illustrations which appear in the formal papers.
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SOIL-STRUCTURE INTERACTION

SESSION TWO -MONDAY PM*

WAVE PROPAGATION IN SOIL MEDIA
SESSION CHAIRMAN: Robert V. Whitman

The Chairman of this session on "Wave Propagation in Sail Media," Dr. R. V. Whitmon~is Professor of Civil Engineering at the
Massachusetts Institute of Technology. This year he has been on sabbatical leave loom MIT while continuing his research activities at the
Stanford Research Institute. Dr. Whitman has done consideroble research and written "may publications in the field of soil dynamics.

ROBERT V. WHITMAN: This afternoon's session is concerned with wave propagation in soil media. Dr. Newmark in this talk this morning
set the stage for this session. He first pointed out to you the complexity of the problem of predicting firee field motions and stresses. He
then indicated some of the steps one must go through in simp~lifying this problem to make it a tractable engineering problem. Dr. Newmark
first demonstrated to us that at the overpressure levels with which we are interested in with this session, the direct induced ground shock
effects are of minor importance and that we can concentrate upon the free field motions and stresses induced by the passage of the air blast
wave aver the surface of the ground. He discussed some of the irpIicatioas of thinking of the soil as an elastic material and pointed out
that because of the two or three dimensional aspect of the problem, there can be an attenuation of peak stress with depth. He further drew
upon concepts from theory of elasticity to farrnulite equations for peak displacement, peak particle velocity, peak particle acceleration in
a way that would properly take into account such variables as the size of the explosion, the overpressure level, and the properties of the
material and, finally, by calling upon the results of the rather limited field test data that are available to us, come up with empirical
factors to stick into these equations to make themn work. Dr. Newmark observed, for example, in regard to the peak particle velocity, a
that these procedure ought to be good enough to get us within a factor of three or four of the proper answer. We are faced with the
problem, for example, that the empirical factors that we draw upon are based mainly upon tests in a very limited set of soil or earth
materials and wai ire, hence, drawing heavily upae our intuition when we try to use these for other earth materials. I think mast of us will
agree that we need to do somewhat better than the facter of three or four. Being limited as we are today ir, the ability to conduct field
atish in a variety of earth materials, I think we must, then logically turn to the laboratory as a means for firming up our ideas about stress,

wa5ve propogatior through soil. We would, for exanmple, like to be able to answer questions such as: How important are time-dependetnt
effects upon the wave propagation patterns through soil? How iurporte it are non-linear aspects of the stres-strain properties of soil upon
wave propagation patterns through soil? These ore the kinds of questions that can be answered by laboratory experiments. This afteon
we are going to havs four papers all of which are aimed at the general question: what are the aspects of the stress-strain behavior of soilI
that bear twos heavily upon the pattern or nature of wave praopgation through soil?

The first speaker this afternoon is Dr. E. To Selig who is a senior research engineer with the Illinois Institute of Technology Research
Institute, better known as IITRI. Dr. Selig has been involved in weapon's affects research now for seven years. He is a graduate of Cornell
University arid has pursued graduate work of the Illinois Institute of Technology. The title of his poper is "Characteristics of Stress Wave
Propagation In Soil."

E. T. SELIG: Presentation of formal paper, see pages 27-61.

ROKAT V. WHITMAN: Our next *.eoker this afernoon is Mr. J. V. Zoccor, senior research engineer w ith the U 1S Corporation of
Burlingamue, Callfornia. Mr. Zaccor is a gradufte of the University of Californioa nd has been at URS Corporation for approximately

e~gt yarsandhasthee ben ngaedin research on soil behavior under dynamic loading conditions and into the potential explosive
hamar* of mWIssl propeillenits. Prior to joinlre UNS, he had spent seven years studying th nature of fallout namateil processes in
connection with a nuclear weapon test programn. Mr. Zoccor will speak to us tkis afternoon on the subject "Laboraoroy Swess Wave
Praopaaton Studies in Granular Materals.'

J. V. ZsCCOft Presentation of Iormal paper, see pages 642-7.

m1OejaT V. WKITMANt Our third pap er thi atenoon has been written by A. J. Mendsa.' Jr. end M. T. Davimen. Dr. Da~sion
Is Associate Professor of C ivill Ingineeriong of the .Mlverslty of Illinois. Heo is.a graduate from. the, University al Akron end has prormsd
reduat studiest 40 he Uitiversity of lll1nols. Int addition %o hi conkilivoians In she are of nuclear weepera effects. he has a wide

experience In general soil engineerIng probliees. The paper will be presented bV Lt. A. J. HedeJr. atl she United Stsw"Ary
Lt. 1endren isa grdut at s1 ý f 0 ivesilty of Illinois bath at the widerraduaite ond at Ohe graiduate level, me hold she osk of

Mlster Prfsof Civil ~.erat "ue univewliy while he is an mInlitary leave of obewiito. He. Is currently stctlend at Owe U. S.
AryEngineer Wwweways Experiwmen $Stlon. The title ofatshl paer is *Swkalced Dyneamic Strai Majiii at1 Fmeichnai Flot WS.'h

A. J. IEIQOWN, OR.t Preseuloan of fliteul paper, see pags l-l

OURT V. W#UTtMA Owa final **Aaer fat she mperisd portion at "athis dsernam4 is Dr Ljym Seito civil enginee boom
sheSiafor Reearh bultte Maia ath Ca~foniaD0. Seamenl I's ea grAduae of* shwnversiy of Colifefia &Wd performed grad161e

toosemok. The Mlse *I khi pper Is "Propagation of Dynamici Sitens- in Soils.'

LYINN StAMAIN: eattana eio P .- ~~

KUT V. wt4TMA1tk I wouldlikef so v ofwi al of she pAkm "hsehurnwue, no. isily far thok.eaclleuus iplo-r hi,.o "t sa

naylheve not-@e "h thee lawr spelAm sWAidseelve little *toot ftheieq>'-Awawa~ appareow end Oa.diffiul"ties shoSud in making
thet epwiolenlel opar~t" wwh. I top mour ytut Owha pnbwess In waift them wolo vose 40he& fIetivial. We, I "hAn It is pesehýapis
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making them work, and very little about results. Today we have been able to l'ear a good deal obaut meaningful resuilts and Itf'nk this
by itself is a real indication of the progress that has gone on in this particular rnrea within the lost two yocts.

I would now like to invite questions from the audience.

ERIK SOLLID: I would like to have an explanation of the results with reference to depth of burial . The coif inement of the various
sampes as shown necessarily represents only one stratum level in the ground. In other words, when operating on these 4y.*,Inders, what
effort was mndei to simulate the variableness of confinemrent from depth to depth?

E. T. SELIG: In my experiments, of course, there was no effect of depth. I hod a cnxstant confining pressure. ',he boundary condition
will be different than that for what -ou ore asking and it 6culd 1-ve to be taker. into account by possibly an increoe ;n lateral pressure
with depth. Tthis is more like the condition that Lynn Seaman simulated with his vertica! columno in which he prevented lateral deformation.
He had the overburden pressure and zero lateral deformation giving a one-dimensional effect so, in a sense, he wo.:d be incorporatiry, the
field conditions into his experiment as it was set up.

LYNN SEAMAN: In my tests, I had a certain amount of geostatic stress down to 15 feet though the static comnpression test data indicate
that the alpha value, the attenuation factor, is not dependent on the stress level. So you may interpet this to say also that alpha would
not deopendl on precomrpresslon which occurred and, therefore, would be independent of the geostatic stress. The results for the wave pro-
pagation tests indicate that you can predict the stress attenuation on the basis of an alpha value, which doersn't take into account the
geostatic stress, It is assumed that the materia! properties ore th same at all depths. The stress attenuation apparently is predictable on
that basis.

J. V. ZACCOR:- I believe that I covered a part of this question in the talk that I presented in wlich I suggststed that by shifting the
origin of the crve* that I presented, one* could get a feeling of how the stress-strain characteristics with that level of overb~jrden might go.
I don't know how you get at the potential affects of cementation that mu occur with long periods of he"v overburdens. There is nothing
in the present system that we use 'hat would allow us to look at this sort of thing.

ROBERT V. WHITMAN: Perhaps as Chairman I'll just make a comment. Life is clearly not one dimensional, and even if it were, it
would be neither simply cunstroined as in Dr. Seaman's tests or free to expand against cons~ant pressure cn in Dr. S*lig's tests. Mr.
Zoccor's tests are essentially the same ais Dr. Seaman's tests. These men arp, if you will, starting with the simpliest tests to see what can
be learned about wave propagation. We have to go on to the effects of more than are dimension but we are really in out infancy in
learning how to handle wave propagation, nan-elastic, in any thing mmr than one dimension.

ERIK SOt.LID: I was merely curious about the effect of the increase in the velocity of pressure propagation as it travels down Cliough
denser and denser material.

ROBERT V. WHITMAN+ Unfortunately, of the laboratory scale, it is difficult to get sufficient depth to really make that effect show up,
although it begins to. As Dr. Seamanpointed outin his commenit, the effect of the 15 fee of geastatic stresst in histests can be wen in
his meults.

At. H. SIEVERS- Thi morning it seemed that Dr. Newmark in referring to fth componlent (4 the pressure upon the struur slated that the
reflectiisn of this piremaur win of little slgnfieance,; however, this afternoon the magnitude of the reflected oresure, was shw.' to be quitei
significant in some of these ame dimensional tufts. Dr. Selig and Ar. Zoccar both showed these. I would like, to know how this refloc~to,
shows up as a change of the imxpulse that would likely be felt by a concrete roof of an undeerground structure. Doesn't this refI4ctian pro-
vide a very significant Increase in the .uspulse or the presure topotlenced by #44 ~tvuwur?

J. V. ZACCO4t I think It is Vo4esgto be significant ord that is Vwhy I Presented th Infovexwion;i however, there is a lW 'mare hot Val"
with the question which has to do with whether or not you con hove a rigid tocitivert as a structure and what the effective nmulus of the
structre actually it. In addition, the ltuctue sis gosing to, be finite anld the wave is gOng to po around Iit enid, eventh.aily, fte wirolis
strucur will be aceoleraed to a freefiel pertictle velocity. It Is only when there it t chaWg In the particle velocity that you have
this momntuma transfer, sothot as the structure stasis to move with the ht&eeIeJ pertiel velocity the 'tolloctlan factor will go back
*Own qgoin; and oil t"a I say owfltq to shiock loding.. Daft iOwe help?

At. tt. M MVtS Well, I still have a queistion. It weme th in thse sieentiolly rigid boa concreft ~ "vub yo., have to at leas
accelwerte th entire e""I poWion of the 0eystture up to this vatlor It! before yft have fte reduction In the reflection feccsau and, by the
tlir* this is accelerated OWd yov reach such a velocity, Ihn't the P 6aei wwov" Va~set and fth tine of such a rofitiction geno post as
well? In other weeth, woqrl't this ref"ection a....r - mich HIN rapidly town thil straickore sl& Would accelloerte *0 a velocity Whichs
tedices rfeto 9

1. T. SILI[C. 10 thikr. Zeccorano amod the quesotion (aidy well, but yew wre comiinly right. bm"Icly. the etiret vo u be to add
t 1i1"49 bit of i!"who, maybet a let of ia~iu'e, when this wove fir0 hits serne the effect will dral off oil ~~ a yam 90t aweion of the
Pene& It will ho aan a greall deal upon the stifln"u. Of the panel &n the durafonof th1#N Puls cas to how, sit -4iett it Is in lopall "fth
ONO ll effect. I woul like to odd jvi One other coo~at, ftht with these enel/tileoI 0'uchnistu, Wsch as the one I used In, prediting my
tuitvls,, I con *qwoiy well predict whet these* reflection Factor sow. ft'. tersr con a well, by rakiinj into account nowlt iopy a flood
asore # e nd, but Intawedoft oundUwr coniiitions. 11weA'sie, it is 0o"6b4 to wake wi elstimaes of ethus effects by swrh analytcal
tct -~iw.

K4MO 0. 1AMOs thatr as on ethet faoor tha hasnt boon mentioned. It Is the faee that these oft wone-utoseslasl tests. In the
real teucoe, you elte have 0 mwefotio' as saioedin wae" which owlsi of the odiii, pf"opeg tsonin eem the wiactsae as the ail ee
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post it as a result of the difference in compreuibility between the soil and the structure. This will nelp to relieve on- reflect;ons which
do occur, which •i another reason thoa you may have not seen it in the field. As Mr. Zoccor said, the reflection factors opply only to
shock loadings. Il ,ou don't hcove a shock loading, /fou simply get an increase in the slope of the stress-time pulse (rise time) rather than
a large "ver-registrctirn, such as those occurring under shock loadings in the one-dimensional case.

BILL FERRET: There nre two things that I think might make a difference here. One of them is the fact that the kird of :hock wave, oi
better yet the pressure wave, going by a structure will have a wavo length very much greater than the dimensions of the structure so that
reflections will not be pmlticular!y so sericus. In other words, the structure will be enveloped by the wve and only portions of the wave
will actually effect the structure. The other thing is that the bulk density of the structure is probably much less than that of the material
it displaces so it acts as a light point rather than a mass of the some density, ,onsequently, it will not move as a hard higIier .ens;ty
structure would.

ROBERT V. WHITMAN. If Di. Newmark w still here, I would call upon him to comment on this situation. Let me, in his cabsence,
iarophrtnne what 1 undeostood him tc say -is morning. He storted out by ohuerving that if you have rigid boundary, as was true with all
these laboratory experiments, you must get reflections and this is what the laboratory experiments have shown. Now, if you have some-
thing that is not rigid and any structure that y4.s have in the ground almost invariably is not rigid either because of its own properties or
because of what lies undemre;o: ' and supports it, you wili havz something less than complete reflections. I believe he said thai :in had
studied a variety of typmal ,o.dAtorns and, because if the factors that Mr. Perret has just enumerated, for the majority of those typical
conditions no reflected wave of measurable duration 'olAd •- -xmected. I believe that he also said that in a few of the .tructures field
tests that have beer. carried out it appeawe I that something ý.aich had the nature of the influence of this reflection did appear, but . 1'e
majority of cases that have been e,:jneru J, il' would, for these reasons, not be of consequence. We know it is always there and we
always have to be on the lookout for it. Most of the time, if we forget about it, we are all right, but we always have to worn/ about those
few times when we can't forget them.

MERIT WHITE: I have a question cf Dr. Selig and that is whether or not the lateral inertia may have had some effect on the results he
attained in his tests?

E. T. SELIG: Lateral inertia certainly may have influenced the results, and I tried to evaluate the significance of it essentially by
comparison of the stress-strain response and the wave propagation behavior with the use of the analysis. All I coiuld determine was that
the effect did not appear to be significant. For example, I could not sustain a stress exceeding the static strength for any observable
distance into the specimer., hance, there was no dynamic effect, be it lateral inertia, or anything else acting there, that was significant.
I did, however, find in order tc justify the difference between the virgin static triaxial stress-strain curve and the propagation velocity of
the wuve, that some dynamic effect had to be present-at least to make my data consIstent. This was because on ?he first Icading, the
initial tangent modulus was too iow to predict the right velocity but, on subsequent loadings, they came into agreement and it appeared
that there were time-dependoet effects. There are many explanations for this and one of these is lateral inertua. I also made some cal-
culotions using the theory o lctirmire what the magnitude of lateral inertia might be and it also indicated that probably the effec.i would
not Le significant be-fond two diameters ircm the end of the specimen. There undoubtedly was some effect, but ir appeared minor. This
is not too surprising esr -lly because the soil was a dry sand.

F. J. TAMANINi My question is concerned with the interesting corrolation of Dr. Seaman's reported dcta. Some of his points coincide
with alpha equal *" .15 1 believe2 however, that he was hoping for a better fit with alpha equal to ý2. I note that in his pressure-time
curve, where he estchlished T tM be arbitrarily .368 of the maxiniim value, the corrolation is very sensitive to the T/T,. I wonder about
the establishment of the .368 value. Could there not have been a better figure than .368? I was wondering if there is a firm basis for

l'-ectinq .368 wh!kh just seemed to be out in orbit by itself. If a larger value had bees" established perhaps the alpha 0.2 curve could
hove been a better fit.

LYNN SEAMAN, I don't think so. The value of .368 is certainly an arbitrary number just to givA an idea of the lengthing of the strcss-
salin curve. This same number was used both in treating the analytical results and the experimontal results. If there were I to I corrola-
tion, the analytical curve and the experimental points would have lined up on the graph that was referred to. I think that there was a
number of effects which can explain this discrepancy and one which I mentioned Is the non-linearity of the stress-strain curve. This
e-,plins the bulk cf the difference. I don'; think I want to go into detail on a vast number of effects which may tend to bring the data
into closer corrolation with analys~s,

HEINZ LEISTNERs I hesitato to briny this up since Dr. Newmark isn't here, and the iapovs that we heard this afternoon were on one-
dimensional wave propagation; but, I believe that Dr. Newmark said this morning in discussing the wave setup by moving the air
(presure wzve) mode a certain angle with surface, which he said was a factor of the veicoity of the air wave and the seismic velocity.
However, then he said that this was not an Indication of the directional corponents of tie itress m.ving through the soil, he referred to
i; as simply a vertical pressure. A whilo !ater, he brought out a chart in which he gave horizontal component of tie vertical pressure as
a factor of seismic velocity. Wouldn't tt% horizontal component be a result of the slope of the stress wave moving into the soil? Or have
I missed somethirg?

A. J. HENrRON, JR.: I think there are two sources of the lateral pressure. One of them is indeed what you mentioned but there is
albo another one. We have the front inclined at an angle which Dr. Newmark called alpha. You do, I think, have the lateral pressure
cau-sd by 4.•. front being slanted the way it is; however, it thIs front were horizontal and moving down, you would also have a horizontal
compoent uf pmssure which Is the some as what I indicated on those curves of those confined specimens of Playa Silt. As the cxial stresses
increase, ,ou have approximately a coefficient of lateral earth pressure from .47 to .56. Even if the front were plane and moving down,
you would get a certain percentage of the vertical pressure oi a horizontal pressure. For the particular soil I reported on tocdy It should
be some here around .5. Doe that answer your question?
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HEINZ LEISTNER: Are you saying that the slope of the wave moving down through the soil has nothing rt do with the magnitude ot the
horizontal component?

A. J. HENDRON, JR.: I'm saving there are two components. It is partly due to the Aiope of the front and also, even if the front was
moving vertically you would have a horizontal pressure because it is completely restrained.

HEINZ LEISTINER: Yes, I realze that.

A. J. HENORON, JR.: I think it is due to two things. Partly what you say, and even if it were moving down vertically, there would
be compone i! of horizontal pressure.

ROBERT V. WHITMAN: I can't answer this question but maybe we have somebody in the audience that is familiar with this particular
theory for wave sweeping over the surface in an elastic half space. The answer for your question comes from what this theory says. I
refer to Dr. Newmark's comments that despit, the inclinationi 4 the wave, the principal stresses are still more or less horizontal and
vertical at least during the early pssow3e of the wave, bt if we hove somebody who knows the theory, we've got the answer.

J. HANLEY: it is 3 quest'on of interpretation of what he said, He said specifically that if we start the shock in the air at this point and
then the wove nuves to this point (see Figure 3, Opening Address), and 7,e were attempting to locate the front of the stress wave in the
soi!, the time it takf for the stress wave which is acting in a vertical direction at this point to reach this depth is equal to the time it
takes the shcck wrwe in the air to reach this point. He further said tha& the stress wave in the soil was not normal at this front. The basis
for the specific calculatiun is solely the question of the time required for the stress wave to move through the soil from the surface to this
point; and the shock wave in the air to move from this point to this point.

BILL PERRET: I think there is arother point here and that is for the wave front which makes the angle alpha to the horizontal, and here
Hal Mason and I agree, there is a stress gradient along the !ine representing the ray path because the pressure represented by the first arrow
is greater than the pressure represented by the arrow at the convergence of the two lines.

J, HANLEY: That' 1:6,1-t, the air pressure is being degraded as it moves along. The statistical interpretation of Dr. Newmark's remark
is that the stress wave is not necessorily normal to that front. 'here is a horizontal comllonent to the stress wave at all poirts.

MICHAEL ANTHONY: I think that what he has done here is that he has computed vet tical stressm ot a given depth due to a point source
loodihg the surface, but he has fancied it up by adding the extra components of the stress wave sweeping out. He has just computed the
iertical pressure at its given distance below the surface by the old soil mechanics method of an influence chart; but he has added a few
other things. He was not talking about horizontal components but vertical components.

ROBERT V. WHITMAN: This is another point at which we iegret that Dr. Newmark was unable to remain fnr the balonce of the program.
However, if I may just con,.ient once more, I think that there arm at least three separate things going an here that we perhaps tend to
get confused.

The first is this concept of superseismic versus -. bseisnic waves. Pictures like this are very useful for getting acrojs this con-
cept, that is to say, explaining whether or tot you expect th4 soil to start moving before the air blast wave passes over the soil, It was
my understanding that in drawing that particular picturm that concept was the main thing that Dr. Newmark wished to get across.

There are theories that have bean worked out for a wave swe.2ping over the surface. The earliest theories assumed a wave with
constant velocity and constant amp!itude. Since then, various attempts have been made to make that condition more realistic; to have both
the shock wave velocity and the amplitude changing with distance. Those theories are available in the literature. And, while I haven't
looked at them, I suspect that they predict on increasingly conmlicated kind of stress field depending upon how many of these kindý of
refinements you get irto. The third point is the computations that Dr. Newmark and his colleagues made some years ago to get some idea
of the nature of attenuation of peak stre" with depth. These ore, as he explained, essentially a static kind of calculation. I suppose
superimposed on that would be, having made this kinds of crude but useful estimate of what the peak vertical stress it might be that one
would then intrduce essentially coefficients of lateral earth pressure at rest a la Dr. Newmark's chart, to get some feel of the magnitude
of the horizontal stress.

R. H. SIEVERS: Referring to the figure on the board (see Figure 3, Opening Address), this is for the superseismic case, apparently, but
for all if the structure which are, I think, assembled here to consider, are not the ones which are supersoismic but the subseismic case,
which going back to Dr. Newmark again, he showed that the air blast might follow the pressure wave in the ground. How else can the
soll prumure be developed In advance of the air shock other than by the soil stress primarily being in the horizontal direction? If we have
a structure In advance of such a shock wave, Is not this a n•,-h larger horizontal and lateral load against the structure than in comparison
with that it receives on the roof? Isn't it much larger with tNe subseismic case th -n it is with the superseismic condition you ;aw earlier?

GLEN BERG: Mr. Chairman, would you please define for me what you mean by the subselsmlc, seismic and superseismic cose? I seem
to be confused.

ROBERT V. WHITMANt That I can dol The superseismlc case is the case In which the velocity with which the shock wave In the aIr is
moving over the ground Is greater than the seismic wave velocity In the soil; hence, superselsmic. Subselsmic is the reverse in which the
air shock Is moving less rapidly than the dilatational seismic wave velocity In the ground. On top of this, we have transeismic which has
to do with shear wave velocities and dilatational wave velocities. Now, who is going to answer Major Sleves' question for us? I suppose
we should really ask Earl Sibley's permission to do this. This is getting off into his area.
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MIChA2L ANrWoNY. T!e mrin polit is that rhL is not a case of interest at the overpressures we are talking about. Direct induced
ground 'hcck is important. This would be an extremely hard structure.

ROBERT V. WHITMAN: If once again I can just paraphrase my understanding of what Dr. Newmark said this morning. It's nice to have
someone like that to blame all your opinions on, you know. Tih fact that the first energy arrives in this way does not necessarily mean
that the streisses aociated with that first arrival will be the largest stresses associated with the structure. It still may well be; and, in
fact, Aill be in a large number of cases, true that the stresses induced once the air blast finally arrives are the larger ones. The problem
is with regard to the phasing of some of the motions and the implications that this may have with regard to the design of shock isolation
equipment or the analysis, shall we say, of the dynamic response of the equipment or the people housed within that structure. Whereas
in the superseismic case, one can usually presum', that the first thing that will happen to the structure is that it will move downward. In
the subseismic case, one cannot safely make the presumption, if the phasing of the horizontal-vertical motions is important from the stand-
point of the shock isolation effects.

R. H. SIEVERS: I believe I am correct though in stating that in the lower overpressure regions the subseismic case is the one in which we
woUld be principally concerned, say if we are dealing with structures designed for 50 psi, or less than 100 psi, in relationship to some of
the charts we saw this -- ning as to the sound velocities in the various materials. Apparently, the effects you are seeing would be to
provide a precursory or a more gradual loading of the structure in this subseismic case.

D. A. LINGER1 Did all this come about from your question concerning lateral pressure? Dr. Newmark mentioned Mu over one minus
Mu in which case that is the lateral pressure in a three dimensional triaxial condition when it is fully constrained. The figure which he
hod on tne board which indicated K, the lateral pressure coefficients are obtained from this type of analysis which, of course, leads one
from this three dimensiorally constrained, loading it in one dimension, the other two dimensions are constrained. The pressure from which
t+e other two dimensions feel is the factor K which he has in that tabular form. It all came around from that 3nd that's where those came
from.

HEINZ LEISTNER: What I really wanted to ask was whether we have, since Dr. Newmark developed this theory, been able to improve
on it?

D. A. LINGER: Mast of the discussion was the difference of opinion on this.

E. T. SELIG- If I can interject a comment on this point. Getting back to the original question, I think it might help to point out that
discussion of seismic, superseismic and subseismic is generally thought of in terms of the conventional elastic half-space solution. This is
very convenient because the wave propagation of the dilatational wave is a constant and a function only of the material properties;
hence, the wave front will travel out in all directions at a constant velocity. Then we can tabulate values for a half-space, assuming
equivalent elastic performance. But they only approximate the real situation. If I can infer some comments here from our one dimensional
studies, in the real soil condition the propagation velocity, in the direction of the front, will be very much a function of the stress
conditions existing there and these vary because the stress-strain curve is a non-linear thing; hence, your velocity is continually changing
as it propagates from any point. The front will, in effect, really deform and it will deform downward as well as outward as the peak stress
changes. For example, if you have an upward curving stress-strain relationship, as the peak stress comes down the velocity slows down.
Going laterally, the some thing really applies; as the stress-strain condition in this direction changes, the velocity changes as well. We
think we can say more about this problem, at least infer more on the basis of our one dimensional tests, but the three dimensional or even
two dimensional analysis is extremely complex when you get away from the elastic solution.

ANDREW THOMPSON: These empirical relations are based on the Nevada Test Site data for the air induced ground shock. I am thinking
about materials other than those of the Nevada Test Site. I was wondering how low an HE change we might go to in evaluating some of
these relations for predicting air induced ground shocks. Can we go as low as 50 tons, 20 tons? The relations, I believe, are originally
based on some of the fairly larger yields and I noticed, of course obviously, megatons, that is one thing I would like to hear about.
Another thing, when he talked about attenuation with depth, he said that they were also based Lpon emplrical attenuation of stress data
with depth. That was also based upon empirical data to some extent and I was wondering what stress data this was based upon and If this
stress data wasn't good, how would that affect the attenuation of depth relations? I might quote Fred Sauer of SRI in this regard. He says
wnen you look at the test data in Frenchman's Flat, the data from the 256 pound charges were quite different from the data from all the
larger charges, so he is sure than 256 pounds is too sriall. He's also convinced that 20 tons Is big enough but he doesn't know just where
the boundary might be between these two. Thes are explosion sizes that could be used to answer meaningful questions, not necessarily
to provide data to be directly extrapolated without interpretation.

A. J. HENLRON, JR.: I hove two slides that show data accumulated at the Waterways Experimentation Station and It confirms some of
the things that Lynn Seaman and Mr. Zaccor have observed In their experiments on sands. I have two little slides up if you are ready to
project them. These are some records that were obtained at various depths In our blast load generator at the Waterways Experimentation
Station which is essentially a sand column restrained so that It is a one-dimensional test. There is an explosion set off at the surface, and
at the top, there is a finite rise time which is about one millisecond. The wave is shocked up at a depth of one foot, it appears to be
shocked up at depths of three and four feet but the shock does break at 8-1/2 feet when the stres level Is somewhere between 20 and
40 psi. The next graph Is a picture of the static stress-strain curve in one-dImensional compression which was measured on this sand. The
upper graph Is the dynamic stress-strain curve whi:h we have determined from these experimental results. You can calculate by Impulse.
momentum relationships and so forth that if you have a shock, it should propagate as the secant modulus. If the pressure, shock propagation
velocity, and density are known we can roughly locate one point on the dynamic stress-strain curve. We also know from the pressure
measurement, which you can believe within plus or minus 10 psi, that the shock broke somewhere between 20 and 40 psI so that we know
that there is an inflection point somewhere between those two stress levels. When the shock breaks, it propagates at the tangent modulus
rather than the secant modulus when stress level Is below the Inflection point. This Is a limited amount of data and the curve shown Is the
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dynamic stress-stroin curve we interpreted from the data. Since these ploft were made, Capt. Toner has mode some shots in ihe large
blast load generator. One shot, in particular, was 30 psi at the surface. This is the first shot out of about some 40 shots in the generator
that did not show ihocking up. These data substantiate that the inflection point for this particular sand is probably between 20 and 40 psi.

ROBERT V. WHITMAN: I would like to comment on this question of shock wave formation and degeneration as it has been observed in
tests at the Stanford Research Institute where I have been cooperating with Dr. Seaman and his work. The records that he saw were very
similar to those that were on the previous slide showing a tendency for the wave front to steepen in the upper part of the column and then
to degenerate from that shock wove condition into a plastic wave in the lower part of the column. In the tests at the Waterways Experi-
ment Station, which you just saw, there was a decrease in the peak stress with depth, an attenuation owing to the side friction effects
between the sand and the container. The same pattern was observed in tests at SRI in which there was essentially no decrease of the peak
stress with depth. The same phenomena of shock wave formation followed by shock wave degeneration can occur independently of the
attenuation of peak stress with depth. I think there are two factors that come in here. One of them is the existence of this initial bump,
this yielding portion of the stress-strain curve, and the second one is the effect of the increasing geostatic stress with depth. Because of
the work we've done back at MIT, we've shown that the stress level at the inflection point is related to the initial stress. If you are at
the surface where the initial stress is almost zero, the height of that bump is almost zero. If you are down 10 or 15 feet in the sand, then
the height of that bump increases. As you go deeper and deeper, that initially yielding bump gets more and more important and eventually
a wave which started out at the surface seeing the material like a locking material at some depth ends up seeing it like a yielding material.

M. T. DAVISSON: In view of the preceding discussion, I would like to illustrate some additional facets of the behavior of sand in
one-dimensional compression, particularly at high stress levels. The one-dimensionul stress-strain curves on the slide are for a Minnesota
sand with an initial relative density of 61.4 percent and an initial void ratio of 0.54. Ninety-five percent of the rounded silica sand
passes the No. 10 sieve and is retained on the No. 20 sieve. 6=

Four tests are shown oa the slide: A static test was performed by Hendron in the D,. 0•m61

device, described here today by Lt. Hendron, wherein the lateral strains are eliminated. A s0 54 ., 5

series of three tests were performed on specimens confined in thick rings, also as described here I,

today by Lt. Hendron. The three tests are labeled Static, Rapid and Dynamic and required
20 minutes, 200 milliseconds, and 5 milliseconds to reach the peak stress, respectively. /

The static test performed by Hendron did not exceed 3,300 psi; however, up to this I,.z /
stress level there is essentially no difference between the stress-strain curve for Hendron's test -,

and that obtained by using a thick ring to confine the specimen. Up to a stress level of . .
approximately 3,000 psi the sand behaves as a locking medium, but beyond 3,000 psi and in , 2o0.
particular at 5,000 psi, the curvature of the stress-strain is reversed. This occurs because the
sand grains am crushed to powder. At a stress level of approximately 6,000 psi to 7,000 psi
the curvature reverses again, and the powder behaves as a locking medium, at least :-,p to a -9 4= J

stress of 16,000 psi which is the maximum observed. Thus, we have two "bumps" in the stress-
strain curves for granular soils, one corresponding to slipping of the grains at relatively low
stress levels and one corresponding to crushing of the grains at nuch higher stress levels. "Onron, Sti,. No Lo.twfl Str.mn

Whether or not a strain-rate effect is evident depends on one's point of view. As i
an engineer, it may be concluded that no strain-rate effect exists. As a scientist, the 0 0o0 02O0 0

difference between the stres-strain curves, especially in the zones whete crushing occurs, Axial Strain, .0

would be of interest. Axial Stress-Strain Curve for Minnesota
The stress-strain curves presented for the rounded Minnesota sand are more Sand In One-Dinmensionnl C ompreuoon

likely to be quantitatively representative of a mass of marbles or ball bearings than they are
to be representative of a normal sand. Qualitatively, however, the behavior is representative of all granular media. For norma! sands
crushing would occur at lower stress levels, namely, 2,000 psi to 4,000 psi. As the grain size increases into the gravel range, the stress
level at which crushing begins should decrease progressively. Furthermore, angular grains will crush at lower stress levels than rounded
grains.

ROBERT V. WHITMAN: We have now looked at bumpy curves twice. Lt. Hendraon showed you a bumpy curve but his bump was doywn at
very low stress levels. We are seeing here another bumpy curve but the bump Is up at very high stress levels. I think these are two different
phenomena, at least In a sand, which have to be distinguished. The one, as Professor Davisson hat pointed out, Is due to the crushing of
the material, whereas the other bump which occurs at very jow stress levels is the result of the particles simply st~rting to slide post one
another overcoming some Initial friction between the particles. I am sure that as we go to more mal materials these two effect% start tt,
merge and perhaps begin to become Indistinguishable. Now I must attempt to summarize the results of this session.

From these and other results that have become available within the last several years, I think several significant conclusi•ns
con be drawn. The first of these is that It increaeingly appears possible to describe wave propagation patterns through ciry graonuior
materials by models which do not Involve time dependent effects. This Is not to say that everything can be explained simply by rate
independent non-linear hysteretic models, but so many of the significant features such as attenuation of peak stress con be so explained.
I point out to you now that there are at leat three carefsily conducted sets of tests-those which Dr. Selig and Dr. Seaman have des-
scribed today plus the ones that were reported by Dr. Heleril of Switzerland, In the literature sev•rl years ago-a-ll of which hove come
to whe some conclusion. From the standpoint of wave propagation behavior in dry granular materials, the significant thing tha can be
said today Is that you need to take into account hysteretic effects and non-linear effects, however, you don't need to take into account
any time dependent effects to explain the sIgnificant features of the patterns.

The second conclusion is that, if we accept this first conclusion and the model it implivs, we then have a model that allows
us to estimate how Important attenuation of peak stress might be in one-dimensonal wave propagation due to hysteretlc type of energy
loses. Any attenuation of peak stress from this sourse would presumably be superimpoased on top oi any attenuation that canme abhut as a
result of two or three dimensional effects. The conclusion that is reached here is that if you look " the results of th. kUa en size
explosions which are used In field tests, you s",ld expect such attenuaotilo of peak stress effects to be of considerable acnsequenac.
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If you go to megaton and multimegaton size weapons, they are still there; but the magnitude of the attenuation of peak stress because of
such a source of energy loss begins to become insignificant, compared to the other things that you do not know about the order of
magnitude of the stress that might be applied.

The third conclusion I would draw has to do with the relationship between the seismic dilatational-wave velocity through a
soil and what has been referred to here toda/ as the "effective wave velocity," i.e., the velocity at which some stress level like u couple
of hundred psi might propagate. There have now been several sets of experiments ranging from those an sand, such as Dr. Seaman des-
cribed, to the results for the Playa Silt that Lt. Hendron and Professor Davisson described here today. These tests show that, for those two
soils, the "effective wave velocity" is a number considerably less than the seismic level wave velocity.

Finally, as a fourth conclusion, I would say that in a number of tests in clean, dry sands, we have observed the formation of
shock waves. We have also seen that those shock waves at nominal stress levels of a couple hundred psi, and less, only persist to rather
shallow depths before they decay into non-shock waves, waves with a plastic type of front, a finite rise time, perhaps c rise time
increasing with depth. The point I want to make is that you can get shock waves, they've been seen, but when you start thinking of them
in terms of practical application to real atructure and real soil, everything combines to make them disappear, at these nominal pressure
levels anyway. Despite the fact that within the last couple of years we, for the first time, have seen shock waves in soil, I still think
that the evidence all indicates that shocking up effect, at the very high accelerations that would be associated with shock up, are not
factors of great consequence in practical applications.

While there are many areas in which we need to have progress go forth, there are a few areas that clearly stick out in my mind.
We first of all need to do for cohesive type soils something comparable to what has now been done for dry granular soils. When we move
into cohesive soils, there is every reason to suspect, as Mr. Anthony has today, that time dependent effects which may introduce dispersive
types of phenomena may be of some importance. I think we need fundamental studies aimed at finding out just how important they are in
propagation over distances of 10 or 15 feet that we can accomplish in laboratory tests. A second need is for further comparison of seismic
velocity and "effective wave velocity" in soils other than the Playa Silt in Frenchman's Flat, and other soils that can be tested in that
similar location. This must be done in situ, because we've got to be sure that it isn't the soil disturbance effects that are giving rise to
this difference and there is a great need for imaginative ways of making this comparison between wave propagation velocity for seismic
level stress and wave propagation velocity for high level stress in other natural materials.

Finally, the discussion today has been restricted almost entirely to one-dimensional wave propagation phenomena. We know
that two important questions creep in as soon as we try to go into two- or three-dimensional affects and get away from elasticity, and a
start has to be made over the years on this question although clearly it is going to be slow going.

SESSION THREE - TUESDAY AM

GROUND MOTION AND INSTRUMENTATION

SESSION CHAIRMAN: E. A. Sibley

D. A. LINGER: I would Hike to introduce the Session Chairman for this morning, Earl A. Sibley. He is a vice president of the firm of
Shannon and Wilson. He was a co-author of the paper by Wilson and Sibley on free field ground motion and, of course, has been working
in this field for quite some time. With no further ado, let me introduce Earl Sibley.

E. A. SIBLEY: Good morning gentlemen. We're going ro run this session a little differently than yesterday. We don't have a discussion 4
and summary session; therefore, we will pick up the questions at the end of each paper. As the individual speaker is through speaking and
while the material is still fresh in his mind and his slides are still available, you may ask questions at that time. Perhaps if we have a
little time at the end, we may have a few questions of a general nature to ask the various groups who are presenting papers this morning.
I wonder if many of you who are attending this Symposium know the definition of, or have looked up the word "symposium"? I happened
to just the other day. Trying to get some idea as to what I was going to get involved in, I read to you from Weblster's New World Dictionary
of the American Language, College Edition, 1960i "Symposium, an entertainment cheracterized by Wrinking, musIc and intellectual
discussion." I think we've had all three so far. It does us well to look at some of these words that we so commonly accept. We were
given sufficient information yesterday in the session an wave propagation to actually make a ground motion prediction. When we conider
soil structure interaction, this is one of the inputs we have to consider; i.e., to predict what the ground is going to do. We have to know
something about the stres-time-depth relationships and yesterday this was the prime concern. We also considered the constrained
modulus of deformation. It occurs to me that If anyone were to make a prediction of the ground motion based only on what was
discussed yesterday, his method would raise a number of serious questions because there Is another phase we have to look at.
That is, how does the ground actually react to a dynamic load? What are the field observations? What are the field measurements of
ground motion? What instruments are available for measuring ground motion both in the laboratory and in the field? This Is what we
will be looking at today. This approach of trying to back up our answers and approaches with field observations is not new. It has been
done and is continuing to be done in the field of soil mechanics today. As a reult, mast of our design in soil mechanics today is based an
field observation, experience, and judgement. However, It seeom that in the emerging field of soil dynamics, we haven't had sufficient
field observation or data from which to gain experience so that we can use this wonderful talent of judgement that we have. I think it was
mentioned yestwrday that with what we know about ioll dynamics today, we're perhaps fortunate If we can arrive at an answer within a
factor of 3 or 4 of reality. Of course, I think we all want to Improve, but we shouldn't be too discouraged with that because in the field
of soil mechanics them are many areas where we perhaps Qan do no better. This is also trie in the field of rock mechanics. We have been
tinkering in these fields for a long time. Our first talk will be an "Observed Free Field Ground Motion from Large Explasions," given by
Bill Perret. I like to think of bill as the grandfather of free field ground motion, because when we fint started In this field !t was his
literature that we scanned, analyzed, and waded through. He has boen In this field for a good number of yea. Bill is a graduate of
MIT, with an M.S. and a S.S.; he also has done graduate study in physics at the Universities of Wrlin and Munich. He has done soil
pressure Instrumentation and geophysical exploration at the Waterways Experiment Station for about 12 yers, and most recently he has
bee. studying for 13 years the werground effects of nuclear and large chemical explosions with the Sandia Corporation.
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BILL PERRET: Presentation of formal paper, see pages 107-117.

E. A. SIBLEY: The next paper, "Inertial Effects and Soil Strength Criteria" will be given by Bruce Schimming, Assistant Professor at the
University of Notre Dame, Civil Engineering Department. This paper was also prepared by Mr. Saxe, the Head of the Civil Engineering
Department at Notre Dame. Bruce has a Ph.D. in soil mechanics from Northwestern and has been at Notre Dame since 1962.

BRUCE SCHIMMING: Presentation of formal paper, see pages 118-126.

E. A. SIBLEY: We have time for a few questions directed to both Bruce and Bill.

ARTHUR FELDMAN: This is not a question but a comment. The inertia effect you have been discussing has been observed, the same
type of peak, in the dynamic tensile tests of steel reinforcing bars for concrete, the flexural dynamic testing of reinforced concrete beams
of normal proportions and of what we call deep beams. I don't want to challenge your interpretation of why this phe~iomenon happens,
but I would like to say, if you can eventually explain why it happens, it will give us some insight into why it occurs in these other
materials.

R. H. SIEVERS: This refers to Mr. Perret and his last slide. It appears from that slide that there was an initiul or measurable drop-off
in overprssure--the overpressure dropped off considerably within the first few feet of the surface which apparý itly is contrary to what
Dr. Newmark said in his Opening Address. He stated that there was no significant drop-off in this overpresmtre as you came dow:i from the
surface. It appeared from your observations of the Priscilla Shot that there was a significant drop-off in thu first 3 nr A feet of ýhe ground
surface of this overpressure, maybe even up to 30% of the overpressure as felt above the surface.

BILL PERRET: This probably occurs within a distance of considerably more than that 3 or 4 feet, but, in general, it probr.uly is a result
of the restrictions inherent to the size of source we are able to work with in the field. I suspect that the same sort of thing mig:.t occur for
megatons in several 100 feet and for Priscilla it was within about 30 or 40 feet. For smaller shots, it might be observed within a sbrter
distance. It probably is more serious for the smaller shots because of the higher proportion of energy that is within the higher frequency
region of the shock spectrum, If a megaton burst with a positive phase duration of the order of a couple of seconds, this pressure loss
would probably be a minor sort of a th;ng. For a kiloton or a fractional kiloton where the positive phase duration may be at most a
hundred or two hundred milliseconds, the portion of the energy in the high frequency end of the spectrum is relatively much greater and
consequently it would cause a more serious pressure loss effect. This is one of the two things we're faced with in large explosion tests.
One of them is that we aren't allowed to use big enough sources (megatons) and the other one is that we can never fire any tests in an area
where soils are of the type in which we're interested in building. People are just too damn stuffy-they wouldn't let us shoot big shots in
their backyards.

DALIM MAJUMDAR., The hydrodynamic domain -- what percent of the total domain do you consider this?

BILL PERRET: It is really defined by how fast the pressure will fall off in them. Usually it is not very large. For a TNT shot iii soil or
rock for instance, it probably extends only a few feet beyond the boundary of the charge. For a nuclear shot, it would extend out to a
distance at which the pressure would fall to a certain value. For Instance In Frenchman's Flat or Yucca Flats sails, It would probably
extend out to a point where the stress would fall below about 5 to 10 kilabars. This might be 30-40-50 feet from a confined shot. It
isn't very far and certainly it's not of any concern to structures because the stresses are all so high that you couldn't design a structure,
at least with present materials, that would withstand such loading.

STAN BEMBEN: I should like to ask Bruce a question. Did you make any pore-prssure measurements In your shear box?

BRUCE SCHIMMING: No.

STAN BEMBEN: Do you think then, perhaps, that the behavior which you Interpreted to be an Increase in shoer strength is not merely
a shifting of the shear envelope to the left due to the origination of negative pore-pressures? This would tend to indicate then that the
shear strength has not really changed but that your measurement of the stresses was Incomplete. This might be kind of Important because
in application It would mean that the shear strength would be the some and that we would have to be concerned also with the rates of
loading, and not only with that, but also with the drainage characteristics of the materials.

BRUCE SCHIMMINGt Which set of slides are you referring to?

STAN BEMBENt To both. For Instance, when you started with sand, you showed that the curves were going higher and then when you
showed the composite slide In which the shear strength of the one clay varied with water contents, the wetter material appeared to have a
higher shear strength. I was wondering If perhaps this was just a larger negative pore-pressure. It appea- th there is a consistency
between both materials and it appears that you really didn't have any differences In shear strengh If you consider the effective stress concept.

BRUCE SCHIMMING: Unless we are able to measure a pare-pressure under appropriate dainage conditions and examine this effect, I
suspect that for that material and for those rates of loading, there should not be that kind of variation In pore-pressure.

DWAYNE NIELSON: Referring again to this pore-pressure, the Ottawa sand apparently has a much larger pormeabilIty or air permeability
than the clays. In the Ottawa sand with the higher permeability, the effect between the two was comparatively small; whereas for the
clays which you showed an the slides (especially the wet ones, which would tend to prevent the air hem getting Into the sample as the
sample expanded) would tend to build up this large negative pore-pressure (tension) which has been mentioned. Does vhis soun easonulale,
and If so, would It tend to bring these two curves clawr together?
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E. A. SIBLEY: Our next paper was prepared by Mr. W. B. Truesdale and Mr. Anderson entitled "A New Device for Soil Strain
Measurement" and will be presented by Mr. Truesdale. Mr. Truesdale is an associate research engineer at IITRI and also has his B.S. and
M.S. in Civil Engineering from lIT. Mr. Anderson, who is not present, is manager of the instrumentation and recording sectinn at IITRI.

W. B. TRUESDALE: Presentation of formal paper, see pages 127-137.

E. A. SIBLEY: We are open for questions.

P. L. HUM#MEL: What is the size of these coils?

I W. B. TRUESDALE: The coil wire windings are encapsulated in epoxy to give them strength and to insulate them from moisture effects in
the soil. The thickness of the encapsulated coils is a 1/16 inch, the outside diameter is 3/4 inch.

P. L. HUMMEL: Have you utilized this device in measuring these strains in various field applications?

'W. B. TRUESDALE: The gauge, oa is, is strictly a laboratory device. We are currently modifying it to come up with a field gauge based
on the same principle.

ALBERT KNOTT: I would like to know what kind of problems you are experiencing in trying to place these in the field when you have
comýaction problems and tryirtD to recreate in your disturbed hole?

W. B. TRUESDALE: .•ain, it is strictly a laboratory device this for. In the laboratory, the only uses in cohesive soil which require
compaction have been ir, triaxial specimens, and specimens to be tested in unconfined compression. As a check on how well w- place the
coils, we cut the specimens apart after testing and measure mechanically the coil separation and compare iis with the spacing as deter-
mined by the electronic outfit. The recorded spacing was consistently within 2% of the measured spacing indicating that we could con-
sistently place the coils within the Imits of alignment necessary to obtain accurate measurements.

As to the problem of duplicating the soil conditions, the gauge has been used in remolded specimens and the coils were placed
es the specimen was built up. We would first lay one coil on the soii iurface ond compact soil above it and then place the second coi;
and compact additional soil. We hod to maintain a rod through the center of the coils while applying the compactive effort, otherwise the
coils would moae freely since they are uncoupled. You mit also exercise care in applying ccmpoctive effort in the vicinity of the gauge.
In ti, 1al specimens, we found that we could place the gouge well with a single rod through the center of the co'Is to hold orientation
using a Harvord-mLniature compaction device with a 20 lb. spring. You certainly couldn't use a Proctor Ham•er or any heavy type of
co.,rpaction device and hope tc place the gatge within the necessari requirements on alignment because the coils are uncoupled and they
w*il move as the soil moves. To use the gauge in the field, the problem of duplicating soil conditions is a less critical one than with a
stress gouge where one has to rely on the pressure of the replaced soil an the gauge. In this case, the soil must ce replaced in exactly the
saine condition as you removed it to obtain an accurate in situ measurement. The strain gouge can be coupled to the natural soil surrounding
the excavation mode for the gouge. With the field gouge, coil separation of 6 or 8 inches will be used. Perhaps, we ciuld take a core
aKt, which we coaid repklce. Again, over the area of the core, certainly we would have changed the stress condition, which would be a
free sort of condition on the area of the core. However, compressively it would replace the cored sample. The field problems we haven't
started to get I, *a yet since we just started k) revise th, gouge for use in the field.

MARC- CASPE: What are the upper arid lower limits of the dimension L between the coil dieks? Is this Instrument amenable to strain
rmsette arrangment? Can you align these things to get your three dimensional effects?

W. B. TRUESDALE: The upper limit of L Is, with the cuirent gouge, about one inch. In our work toward developing a field gouge, we
have been modifying the black box and It may be that spacing can be licreased about two dlanester4 of the coil--whatever the coil di.-
mater that we selected. We ore working right now with a 6 inch coil; however, I don't think we will go that large with the field gauge.
But with 6 inch diameter coils reasonable wnsitivIty Is obtained at about o 12 Inch spacing. There Is no limit electrically on the minimum
spacing which can be used. You couldn't get spacing smaller than the soil particle sire. This Is certainly a lower limit, but because re-
quirements on placement became extremely crucial as the colls cume very close together, amrnd 0.3 inch Is a reman le lower lWilt.
I would say roughly you can combine things like 5 or 6 dngrees rotation and l•atal di#splacement of 10 poeent of the axial spacing end not
Introduce much error. Ten percent at 1/2 inch is only 0.05 Inch, less than 1/16 of an Inch. When c'rmpocting soil around the coil disks,
this can be a pretty difficult tolerance to hold. At an inch, spacing tartel misollgnmentsof about .15 inch have essentially no effect on
the ability to accurately measure differential changes. Thus, 0.15 inch gives us in excess 1/8 of an Inch at a I inch spacing.

As for trying to measure strain In more than one direction at one point, this Is not crrently possible. The reason for this is
that the coils Interfere with one another when they are placed In clas proximity to one anotheir. One g~uge cannot be placed within 2
or 3 inches of another without interference between the mqnetic fields. y the some token, they cannot be placed extremely close to
materials which have magnetic p•opeaies. The distance within which they con be placed near materials with mpgnetic properties varies,
depending on the type of material and the relative position. Directly behind a coil is much worse than to the side because the magnetic
field extends to greater distances to the rear then to the side. Steel is directly behind the g~uge. A clea spacting of 3 or 4 inches is
required in proximity to steel-am of the words mote rals; to the side, I to 1-1/2 inches is necessary.

MARC CASPEr ThIs then would have no use as for as the experimt Met. Schimming just presented?

W. I. TRUISDALE: Do you meo to measure shear srtan.n-to measur the lateral movement of the owils, one in relatiooshp to the other?
The sensitivity of the coils to clasing Is so tvh rer than to lateral movement OW I think htdeiatkan effects in the el as it is
sheaed would introduce large erro i,, the lateral motionsm eaured.
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DISCUSSION

HAROLDJ G. MA50t+ loave ire. questions--first, what is the diameter of the roO used to space the plates?

W. S. TRUESDALE: It is of stepped diameter. The larger diameter is 0.10 inch and the smaller is 0.04 inch.

HAROLD G. MASON: The ane between the two end plates of the gauges is the larger diameter one?

W. B. TRUESDALE: Yes. The one between the 2 gauges is the large- diometar. We've made much thinner ones, but in compacting in
clay specimens we would break the tip off. I've also placed the coils by running n vertical string down through a test chambrer and just
slidir~g the coils d..wn the string to rest on the sail surface. I did not remove the string, but on the compressive measurements made, I
don't think that the string hurt.

HAROLD G. MASON: I'm worried though about the cases where you did use the drill us a centering rod. On pulling the rod out after
placing the soil, it would seem to me that this would crease a rather large distrubonce of the soil and thus negate all the care given to
placing it between the end plates, and not make it very representative of true free-field strain. The second question--what about dis-
turbance of the end effects of the plates them~elves? In triaxial samples for instance, we try and maintain a length-to-diameter of
greater than 2 to minimize the end effects. Since the end plates of the gauge are much closer together, only one diameter apart, I should
think this would be rather criticai and have a lamge effect on the ability of the gauges to read true free field.

W. B. TRUESDALE: In the triaxioi specimen there is definitely quite a bit of end effects on specimen strain in spite of the fact that we
use a two or one lengthi to diameter ratio. This ratio was selected on the basis of consideration of the stress conditions in the failure zone
in accordance with St. Venant's Principle.

HAROLD G. MASON: No. I'mi worried about the gauges themselves. They don't have that aspect either.

W. 8. TRUESDALE. Right. Essentially what we have Is a maximum of 1.33 to 1. We're attempting to study the influen~ce of the Qouge
presence on the strain occurring in the soil. It appears to vary with the soil stiffness. In sand, thee appears to be m ale effect in dense sand
than in the loose sand. In cloy, the opposite tippears true bu.t it is difficult to study becaube it is hard to generate a uniform strain field
to investigate what effect the gauge has on it. The triaxial specimen definitely does not have a uniform strain field. The most suitable
test we have been able to devise has aoen by placement of the gauges at the edge of a triaxial specimen. The check on influence gauge
pivesence was acconpl~sled as follaws: A number of paints were marked alring the surface of the specimen. This original position of each
point along the specimen was plotted as the abscissa, as shown in Figure I (.'ie pae. 127), versus the corresconding r.-nsured absolute
displacement of each point, at a commocn time. The curve obtained permits grapical determnation of the strain at any point along the
specimen. Strain at a paint being the slope of the curve, Y,/x, at the point. The curve obtained far the length of the specimen coumM be
examined for distortions ccnsistently appearing in the vicinity where gauges ere located. Figure 1 presents typical ftst results. In this
test, three gauges weres installed in the Wspcimeaii near the tu, midheight, and bottom. The gauge output Is represented an the flgture by
the slope of the straight lines superimposed or the curve of absolute paint dIsplacemnents. The curves do not show obvious distractions In
the vicinity where gauges were located ond, in general, the slope of the gauge output Is a satisfactory tangent to the cur#. This technique
is suitoble only far small strains, however, kecause of the formation of sheow lines an the specimen surface which distor the curve of point
displacement,,

HAROLD G. MASON: The third question-what was the size of the triaxiol specimen?

W. S. TRUESDALE: It was a 2.8 Inch diameter specimen.

HEINZ LEISTNERz I believ, you sald you were planning to uoe this for dynaminc tests. Have you?

W. B. TRUESDALEt Yes. The greates use has bee n ia study o; strum variation In the traxiel test, we nos same rapid triaxi-A tasb
(Truesdole, W. B., "Strain Variation In a Trliadol Soil Test," 11131 for thes AFWL,, WLTDR 64-47, Morch 1964). However, whetheor or
not you would cail them dynamic Is questonable. They were of th same sort of leadiing rates Schimming was talking Cabou with tuis
direct shear tests. S ga4uge also have been used In *ome promeur vessl tests at 11131 an buried tunnls, but this wark has wo yet been
roporte. It Is gOng on right now.

HEINZ LEISTNER No wav p opailatio of any nor timraugh the tunnel?

W. 6. TRVESDALEI No. We ore hoping to use the ga~e In this type of study. As yet, we have no Infariietlon son this.

E. A. SIBLEY% T1han you Mr. Thoosdafe. Geasge "ON,. Civil Engineeor of the Wefteweys Experimm Sant 1olion, end a gredisfte of the
University of Illinois will revlew the "Shock Isolation Maeeriles-Swos of the Arft.' Nate thef the title re" Isolation instedelh-we are
still outsde the struture.

G. C. HOPPt Prsnatkion of fornil pape, see pagles 1IZ-154.

E. A. SuLEYt The nodt poper will be N Dr. 1. T. Selig, who, w Introduced to yms duing yeastdys session. The paper ks entite

Stvess, Strain, and Motion Meminoiement in Soil.-

I.1. SELIQi Presenottion of foainl paper, we paeon 5-11
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SOIL-STRUCTURE INTERACTION

E. A. SIBLEY: Before we take any questions, we have ore other item. It is a repeat performance for 30 seconds on negative pore-
pressures in sand by Bruce Schimming.

BRUCE SCHIMMING. I think there was a slight misunderstanding. For the dense sand which expands upon shearitg you stated that
possibly therefore you could develop a negative pore-air-pressure; however, due to the permeability of the sand this would not occur so
therefore the strength was not affected in contrast .-o cohesive soil where its permeability would be such that you could develop this
negative pore-pressure. However, with all the cohesive soils tested, we did not notice any expansion of this type. If anything, it was
constant volume and if you look at 40 seconds or 4 milliseconds this It basically a constant volume test. It seems to me that it would be
conceivable that you might get a log in the development of positive pore-pressures in the dyncmic case which could explain some cf that
variation.

E. A. SIBLEY: Now, we'll take questions on the last two papers.

HAROLD G. MASON: In Mr. Truesdale's evaluation of the soil strain gauge, he compared the measurement takin by means of the gauge
with a physical measurement between end plates of the gauge when he took the sample apart. Did he mode any meaurements to compare
these readings with a sample undisturbed by the presenc-t of the gouge? In other words, wus another sumple prepared and a comparison
made? Because otherwise his evaluation to determine the influence of the presence of the gauge means only that the gcuge sees what
happened in its presence, but it doesn't mean that It has any relation to the free-field strain.

E. T. SELIG: Mr. Truesdale may want to comment on this too. Actually, all we gained when we cut it apart was to see if the gauge
was where it says it was-which, as it turns out, it is in fact. The problem is to have an independent check of what the uniform strain
field should be without the gauge there and I don't know that we found any procedure which was satisfcctory for doing this. We tried
everything--avernge strains, and measuring the variations an the surface. All we could probably assure ourselves was that the strain we
were comparing it to was probably no better than what the gauge was telling us.

W. B. TRUESDALE: Them is no way of measuring the final displacement and saying what effect this had on the strains. The only check
that I could think of was measuring surface point displacements and seeing what effect the presence of the gauge had on the otherwise free
movement of these points. I did run tests with and without gauges along the surface of the specimen. In the clay specimens on some tests,
I wc,.ld get u nice uniform curve along the length of the specimen for maybe 1% or 1-1/2% strain. At larger strains, however, shear lines
start showing up on the surface of the specimen and cause little jags and jums in the plot of thes surface point displacements; therefore,
it is very difficult for much more than very small strains to try and look at any type of known strain field to determine whether or not the
gauge Is restricting the free movement of the soil.

HAROLD G. MASON: bt what I'm worled about is that If you take these out In the field or build a field version and you apply this
information without knowing how you have distorted the field, you could be orders of magnitude off. Right now, I can't suggest any way
of evaluating it ogainst free-field conditions, but I think you must before you suggest that it is free-field.

W. B. TRUESDAL. Orders of mognitude-no I don't think so. Let's suppose that ther Is a triction an the compressive movement of
the soil. The soil around the gauge is going to create arching of load onto the gauge. Granted, them certainly is the possibility
there can be smne effect. but, I don't think it can be orders of mnitude and it may In fact be negligible. It is not, n my oplnlon,
comparable to shm gaug over-registtation In soil. The sW1 pressures do not Influence gauge output and the arching phenomeno will tend
to mov the coil disks with the soil.

HAROLD 0. MASON: All this Is a distortion to that you are not reading free field stress.

W. S. TRUESDALE There Is undbtedly some distortion. We don't know whether or not It is significant. We havvw't been able to
generate a test where we can toll for mare then strain. The point you am makling is a - o e. I'm not trying to brush It aslde, but I
do not have sufficient infortation to make a compreAh ve statevent on auge-presence effets. Ove the to"g w ave been able to
Investigate detrimental effects do not appear to be criticol.

HAROLD G. MASOft My other question, Ernie, Is did you ever change the d4lmeter-t•-thickrs ratio an the ocermeters? moot
type devJ their sensitivity forces Qplied to the; theref, at left# dwi rite time, they should have an ecceleration that is
preertlonal to the toltl force, which Includes n arching fome. Witha diemenr-is hlukess ratio of say 1, tIbs could be a #ery lage
over-registrale drinin the early times, which would have an eff*ct an the eceletlans read during the rise tte,.

E. T. SELIG: It could be. We didn't change this as one of oe vantriles, partly becauso of the wotk ow or. Seepmn Was doing with
th variable. Aeln I think it dep eh largely on th wave langth of the pulse with repect to the waVe transit tNm. Also looking at
theories of Inclions In otlds, It appears that even with ov.r-ieglsatian you will follow the molion ottouh a rm acncenitation cma
be devl"pdl. If the time for the f(tt pae of the woo is of my significance, I expect the occeleaaimo could be very sensitive to it.

HAXO.D 0. MASON: A log as there is a differential fmre between the two muf*%m Othve Is an eor.

1. T. SK110s Yes. &4t, of aoume, youj hve* this en bath sides oce fth move englf the g~g, end prier to this the aehing ha mae
yet developed.

HANOLD 0. MASONs Once you ge the oqVllliumn . Wut I'm sayi dng the rA time you olways hove a diffhremtIal.

1. T.EWoos rhA isOtrue.



DISCUSSION

HAROLD G. MASON: I would like your opinion. Basically, I found that the biggest problem in developing a gouge has been inadequate
capabilities to evaluate it's ability to reod the true free-field conditions, in other words, to devise a test in which you know the conditions
well enough to evaluate the gauge.

E. T. SELIG- Your comment I think is very significant, especially since we had that problem with strain gauges, having spent many hours
trying to assure ourselves that we had a test that was sufficient to evaluate the gauge. It is probably not as um~ch a problem in stress
measurement-you can visualize, for example, a large chamber and the walls a long way off. But I think in looking bock at much of the
-work that has been done, one can find a lot of questions about the way the gouges have been evaluated, and thii raises a great deal of
question as to the validity of the conclusions--how well the gouges were really working.

E. A. SIBLEY: As Chairman, perhaps I should summarize this session. However, since time is running out and we are all anxious to get
to lunch, perhaps the shortst conclusion is the best; therefore, we most conclude that nothing can be concluded.

SESSION FOUR - TUESDAY PMK
STATE OF THE ART

SESSION CHNIRP4AN G. L. Abuthnot

D. A. LINGER: The next session is on the state of the art of soil-structure interaction. The Chairman of this sesson is Mr. Guy L.
Arbuthnot. He is the Chief of the Engineering Research Branch of the Nuclear Weapons Effects Olvision of the U. S. "i~ Waterways
Experiment Station, Vicksburg, Mississippi. Mr. Arbouthnot has had long and varied experience in the fields of weapons effects and
underground structures, and is exceptionally qualified to chair this sesson.

G. L. ARBUTHNOT. Up until now our sessions have dealt mostly with free field phenomena. We've had sessions on wave propagation,
stresises, strains, ground motions and instrumentation cc, nocted therewith, with the exception of the paper presented by George Hoff.
This afternoon the emphasis is going to shift a bit to get a little closer to the problem of soil-structure Intwmation; weore going to take up
a series of papers dealing with research efforts referred to by Dr. Newmark yesterday morn Ing as being faishlanable at the moment. This
research involves tests of buried tubes, buried cylinders, buried conduits and bo forth. Professor Linger, with the possible exception of
the Chairman, has done a very fine job in selecting th speakers for this afternoon's session. I think it would be extremely difficult to
select a better qualified group of people to bring us up to date on this currently fashionable research field. We hope to hove a little time
at the end of each paper for discussion and questions. I hestitate to introduce our first speaker =s the grandfather of this busness, because
first of all he Imn't as olde S ill Perrot. Our first speaker is Jay Allgood and mast of you know Jay. He is a structural research engine
in the Structures Divison at the Naval Civil Engineering Laboratory at Part Hueneme, aind he Is going to speak on "The ISehovior of
Shollow-Moid Cylinders-A Synthesis andl Extension of Contemporary Knowledge."

J. ft. ALLGOQOD Presentation of Formal paper, see pages 189-210.

G. L. ARSUTt$NOTz Thank you Jay. We have a couple of minutes, here for questions.

PERE WESTINE: To obtain these results you have done dynamlc wadcling, I woulld Ilike to knsow If this represents fteymnld-fFreue, or
gemetric scaling? Ietm iiiueaayi a oe

J. ft. AU.GOO~t Ta av"d intrding on the sessicA of hwamrrm. morning, I think I will just soy that we ma somokder theset as small
strucure rather than models. I think this paint will be well clarified by Lkr. Young's paper end others. Po m sy lo heup on you but I
think It wIll be beot not to be mare direct at this time.

MERIT WHITE: Inc coparing the hytiastotlc ibuckling with the observe budditng lead, woul It be i -weneblit to consier that when a
structure kwh as a curved :ylinder bucklest certain parts, of course, must wove in under th kvedingk thats appilied? Othe parts OW W10t

out against the soil and when they m~e, out against the sail they ane pushing and It's herder far the. to No** ouA because they asust eVer-
come a pasnive toll resistnce so, to speak. So that lot effect your ective, Working, causal lead01 the lead you apply to the Surae, Where
as the resstatce t"a is built up causing the buckling is six, eight, Ion times as suh.

J. ft. ALLGOODO I think you're oesatalely correct. And this as undloubtedly the reams% "ht lhe h peeled of these clreuedwwwall
wowe is the same a In hyhestoetic loadin, buckling dose not occu until much highW lo". Ira etho w"rt, bcling dies POP ocat WNtil
leo" corresponding toe a uch kega voalu of n, the nowber of c..cuedorentlel waves. t~uwarwsufeiy we Ass' hove goo olutioins to tell
us just whet this l~xW Is at Oh present time, atha we certainly con wae belter ~opmluathesu 1hoan we soaMil hae o yaw ao.
soceuee of swimn's and other euperW'e~ts thatwilll be peesente at th4 Sywapsilve, we have a mah betok- dea ol w *atmtes bwuckli
NNA~ afe far 0"thscylleicis Oad we know WOW* they 140 with 1tespct to the culitkol buckling lewade colaiukew e n feth equetionss aif

CqatidO Lusohe I shonwed you. OWd where it Ilaes 0etWee the hy*oesktool ce rad thi *11& Support case.

MLKET KNO~tT Fkue oi al, wand fau def1ine w+-4 the en conditlan of thhihlewr ndwttefc o et It had on the
structural action J the 0ol 46 r at Pal stucture? SeCoraY, would yow to~r I en the to -opt "hif l0 sawoeft deflectis en 1ela
distance4, the sail will then arch aver t, ekess relivingte "olns ent the ~Ntoutn end ell -1r014 1 buckling of ofplte VeONps sI the o
structure? This would! cuttesponitd to Dr. tdowmeek's to ma about theisc thats he fkft ia. bucklin was wse tes gVon a p Ablem In
burledl sondc.rcuier arches.

J. R. AILGOO~h Peraps, Or. P&eweak was seaking int e diffeerar contact. &Aucklings a reel pamsiblllty. This wes Firts sowA,. a far
as 1 6a.w, by Reyaolkd Woskins, *a it has been" dwubaawquenl by severgallites . some of w-hom ate In *kthiwem. At pmso a wedmawt
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knowhowto ccurtel deermie bcklng, o oe uually uses a largo cornugated plate with amrple stiffness to help prevent such failure.lit response to your second question, if you study this problem ,ov find that iit's Iirrpossible to get sufficiently large deflectionsof a metal cylinder to develop arching. Consequently even at failure you're going to have the surface load acting on the structure, unless

youreontosom ehdsc s loigsisn h otWsi you hove a bolted section,orulsyuptasftbdignaei t
the invert. This Is almost another lecture.,o find that when you do this there are several deleteirious effects which occur. One of
which is, if you have a soft bedding and you allow the cylindier to move downward, then the soil over the top develops a momentum. When
it tries to stop, Its inertia loads the structure adso you may not have improved things one lot sfra orfrtqeto sconcerned
about the number of circumflerential waves and what their consequence is, I'm not wre I car. give you any answer beyond telling you that
they did appeal to be exacti the sans on the side as the hydrostatic cas. I think n was 7 or 8 for these particular cylinder. Far every
bit of data that I've checked against, inclu.4Pý Bulsor's, we do get this agreemeont aid I think that a cylincirical shell has a stiffness such
that this Is the way that It wants to behave.

G. L. AROUTHNOT: In the interest of timelIthink wehad better goton tothe next paper. Any discussion onthe remuitsof testsoan
buried cylinders would nat be coraplete unioen we heard from our next speaker. Again, Professor Linger has even arraned for that.
Dr. Sultan is head of the structures group at the Miitary Engineering Experimental Establishment at Chiw'stchurch, in South England. It's
a part of the Armyt Departmenit of the United K ingdomt, Ministry of Defense. He will speak to us on " luried Tubes Under Surface Pressure."

P. S. WULSON: Presentation of Formal paper, see pages 211-238.

G. L. AMIJTHNOT: )thank you Dr. hltlon. Let's move on to the next paper, and then perhaps we can coms back and ask questions to
both of the last two spemakers. Our next speaker is Wr. Carl Wiehle, who is a senior structural research engineer at the Woitd Research
Services Corp., and he has hod a long record of wixor in protective research In general. Wr. WiehI. will speak to us on "A Review of
Soil-Structure Interaction.w

C. K. WIEHLE: Presentation of Formal poper, see pages 239-245.

G. L. ARBUTHSNOT: 11f0r" we T* on to the next speaker, I wonder if there ae any iluestions or discussion concerning the paper by
Do. Mulan and Mr. W1e1"?

PETE WESTINE: I would like to ask Dr. lultan what influence he felt the mnenbrone had en the prensure measured as opp~osd toth
xessures tronsinitted to the soil? It see..is to me that the deflection and curvature of the rmno xone were sigirdficent, and thus en iniportotI
portion of thet load war carried by the meebro Are the premssues tha you ore measuring the pressure applied to th soil?

P. S. SULSOP+ Yes, we did loek Ioto thi, before we hed starte mid mode some cokulotions on this and we're Pretty confiden~t trioSt the
premsises we showed oae plessure applied tat the surfecet of the soil.

PETE WE STI'*z This was then a vary weak plastic weenkrone?

P. S. ULSO#*- 0 hod alot ofextension,

IJIRKHleLUSCHEM I found In my work totI a la.esf the greates difficultis fto develop tubes which could be use In* threst.

tMed" cor~ne,, ndlwthejoI'Ont was menUfotued.

#olIII% we dame preftt ocitumely in our work shop. but I don't kunow thee enact detes of the proce~ire. We measured tubs fte r0 ollinig
anid they were very escutivoe. They ware f(ae aon very smeoll rollt by Iaiod. Nthee woen minis psore4Aen.

KAAM1 HOG O As I understanid It, yawr epproech tumneils were tigled, while Voen reto section utidwarvt mop deflection.. As, you are
octell eseeptng o seurlee twuameneiokwa tcnirtio with eis -v, ary ng prommo eok" holi akis of the tylinder. wha*t effe t d

think she AMich iotn sh tiffnoeses hod an yaw result?

P. S. I1US(X* 1I0 did'srelly beswo chnew I* Oak Ithis .lew in fth paper but it will be clew in he r!"a1. This Is very 14OW9nt,
bvt for that depthis of tooer shown in the Rilisk ftiy woto 09Wlo ai there wo very littlet dfferermee betwe sol arid oWeeuisale tutusehi
however, howe statedv using deep deptisof 01ver we hoWt I* thke" kuwnes h solmoe flesiloli~lt as 00 epoicklm, hswais thee we

fleusiblwolSrsl. robs wee dwoe meNlY, I teigh moy, 46 the rowlb of Y00ourese5swihent you Visited us.

UK~ SO110 It seen so me th at i. MSA *osu% pislisa i diee ish#*ot lire w.AN~t be oy we'! to as ovIwft by *athe ovei
nes. f te eefealape.Could therepossibly bo time oster wihM od ditewreoueMeeleracngrwhsyu

eoud Piet? It woent to be is nmhjat for~umm whethe a ow arcin is seihie unde bel tim le"t ad eppVilies -11mi

P. S. hASO* I prefer se o answer Ow-s, but WuerIi* time awe beenefuwihoneecs ee eofnisteei elpe
prsswe with deph of covr. We '~d * WWI spokion 1d eve * vey lap area, eOd one Gtoeft ",th fre fRel pmAk with ne
specimern fto be usilati -1 rh way Othsesa. Ifthere is ory Awopeey wivth hW, It aw be eke to some ~fe which yoir eftldpu
Wun 0r th 1 gerl heinam of rchinge. I dun' Iuww hoe eaie you would issplelf this.

RIK SOSL* it emom to me " with tios fth sell poies would niso ot.e v 11id sMe the* a04%a effeel.
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P. S. BU LSON: I think you're asking a quetion thart no one cW answer. The whole fundamrental theory of arching is not very clear.

MERIT WHITE: This refers to the same question. I think the fact that the square tubes began to buckle on the top 3nd then finally
collapsed on the sides, is proof that there was arching.

G. L. ARi 5.THNOT. Let's go on to the next paper. It will be presened by Reynold K. Watkins, Professor and Head of the Department
of Mechanical Engineering at Utah State University. The title of his paper is "Design Trends in Buried Flexible Conduit."

ft. K . WATK INS: Presentation of formal paper, see pages 246-255.

G. L. ARMUHNOT:- Thank you, Dr. Watkins. I think we hove time for questions if we have some.

G. F. WEISSMANN: Did you consider the price in comrparing installed flexible comJuits with rigid conduits? I am pretty sure that
installed flexible conduits become mare expensive than the rigid one if special trench preparations have to be made or selected backfill
has to be used.

ft. K . WATKINS: I have not been concerned with prices personally, but those for whom we should reduce this to practice are conn~c ted
with prices. And I'm sure the great demand far mare information an flexible culverts as well as rigid culverts would confirm the fact that
there am arec in which flexible culverts can compare very favorably. Others of you hava much more experience in this than I, and I
would welcome some help.

HI. P. HARRENSTIEN., I'm your help. We've cons~idered coot effectiveness of applying this type of structure to actual survival shelters
and I think when you consider th~e extra toughness that the flexible material h" over and above the rigid conduit, the cast effectiveness
of this system is much better because a flexible culvert can iresist much higher loads, partic~.alarly in blost, than it is designed for by these
procedures, and the rigid tend to have their problems with this active settlement ratio.

MARC CASKE: Do you fee there is any application of this soils arch concelpt in are"s of high seismisity?

ft. K. WATKINS. I'm sure there is. I hestitate because I don't know the dagree to which it would be appicable. I like to think in
term. of.a maianary arch design, in the design of our soil. Mosontary arches seem to work fairly well In arese of seismic activity. So long
as we have somiething to reinforce the Woe, or to reinforce th soil, then I believe we can get by, although I don't know the degree to
which we con ge toy.

ft. H. SIMVESa It appoemr there is a direct conflict between the waner In which you recoovse to that the earth be cowpacted over this
flexble etch ~utrjte, to thlat which has app eared in rwcen design vanuals for protective canstruction of such structures. These manuals
say 4We the soil should be very highly coampact oed adjacent to the structuire, I think up to th 2/3 point, and loose above it, over the

Sructure and to the side. prals Prolesso Heltiwanger would be moe capable than I at resolvuiis thwis. Is it tru that your mtuclume are
priffwI'y far highway and not blost design, whereas theses we meres in the protective structeres line?

At. K.* WATKIN$t This bs true. Vins Intereste amer In the sepov~alt of Nioway, okpxt, earth-fill design. I wonder if the concWp of
leas snil above the pipe follows apsomwa tug * Imerfect ditch melsod of placemeWt so that we con reduce the load on the top of the
pipe. It this Is Vwe, then I woul od Ow ha the way to reduce this loead Is to somehow support the saIl above the pipi by a method oshe
0'as the pipe Itsel. It semom to w* that meushe we've gao to cwm to the oil arch, one way at Itne other.

L. H. GASRIElk The Oewn 'Flakilbl nd 'rigid* contiut wre somewhat Illusive. If you'll permit me a defintiticen, 0h4" I may have a
cowwt to make. P1 we tonsWid * flexible c"rd it as a strctue less still thaon the surrouniding so:). and a rigid conduit.9 structure meore
s011l 0han the saomwndng soil, thAn 1'll P0404111.

At. K. WAIKII4St I w"r lI*e to entend to yo the privileude t proceeding. I think you, have to define what you mean by still. If you
mean th" tedustien In areo conce the teeyreseb~llty, tIs% ould be different flam tellking abim the ileitibility stiffnems.

I. ". GAMELi re *4nkingf e~nxblllty stlffees.

A. K. WAtKIN'& All dom.

H, I GAMELi I waiM lke so ieper very bhefly on mome -*A that han be lstoi an at Seciremois~ Sftor College. It was here that
we #a ieee #1 1e Onesom tha at nos we tof uoft we the loones"es of 0 buckling 'plenoioaat bur wie'n OOArIn to the Colso tha

lerthV0 ollo the tiuulenl alatiew, f am Me w ould owc. Vf Moid very lvml to "lwive at eeematbltty between whamt owe ud inom
swwepm memo fwar a elsticity sekuttn an Mkis ipe, -a-c Ui *I tAo anr, but lveringfoudt apelliy we lasked

far eres #whee we 010gl reltiy owr maftopiea. We found *a if "we mae " wieeete eiep~ n h ~bll wells f the
side by Inceasig the law, the pipev" wouldste ist. a ftsumwer aerg, assumewr crew-sectIon. who we did flnd eVentually wrin a cooe-
platte roseW. We found Owa the hoinAWts diemiters so-ried 0o" in the ethe dlresvon with hoewler lo.& mw helu I lrswd .W h

pip, ed tatitswirlcl debes .~emssdwhich of coose COmIpletely movwme 0e srwm field and "h wein foeld, s ~W* re l
v, peci1. Weuiin cantlmingir with #wpe *iPV and w op st* " thisis Ito MWh Av ted to same idee of why t0me pim w ory ve ouch roe
lWa thwn they'r emoectod fto, It. weatw won!e to supierhpos tN*e aleticitir solution on 04es.
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J. D. HALTIWANGERP Perl-aps I should comment, or more appropr;ately, perhaps I should go back and read the Air Force Design Manual,
witi, which I have had some contact. I don't eremember seeing in that manual the reference that you made. I think it rather unlikely. If
my merrzry sorves me correctly, I think we suggested, that in back-filling around culverts or cylindrical structures of this sort, the back-
fill be made uniformly dense in order to avoid soft spots, and thereby reduce the possibility of failure by buckling. I don't know what
other manual you may have been referring to.

R. H. SIEVERS: Here you have a circular structure or an arch structure. You could compact very highly up to this 2/3 ds. point, al-
týhuuh it's very hard to compact above this point in any case, but the compaction above this point was not really so essentiai. What you're
trying 'a d& is provide the resistance for this structure, to build up a resistance to pressure at the sides. The compaction at the top was less
signif; .ant and it may not be as critical as that achieved at the sides. That is not taking into consideration the possibility or desire to
achieve any soil arching over the structure.

HOWARD WHITE: In your own state here, across the northwest corner, there is a 15 foot diameter pipe under 80 feet of fill, which might
be of io:terest to you. I would like to suggest that I believe there is a good deal of inforrnation, not perhaps directly for blast shelters but
certainly in the design of these conduit5, that probably could be gained by installations already in the field. When you're talking about
thQ deliberate building-in at the sides of thet structure of a soft or yielding situation, this is good for extreme caseo of high fills in which it
'night be mare economico! to do than it would be to put it in the metal. B'jt you must look at that in view of the use of this structure. If
the cover is reasonably shallow on top of the structure, it may be more dcxsiroble to put more metal in the struch're and compact ver/ hardly
all around the structure in order to save the roadway, which after all is the reason for holding the fill up there.

G. L. ARBUTHNOT: Now we should go on to the last presentation of this session. Our last speaker is Dr. Van Horn. He is currently
a Research Associate Professor of Civil Engineeri- in the Concrete Division of the Fritz Laboratory at Lehigh University. Dr. Van Horn
will speak on "Analysis of Time Dependent Loads on Underground S"ructures."

D, A. VAN HORN: Presentation of formal paper, _,ae page.* 256-282.

G. L. ARBUTHNOT: Are there any questions oi comments for Dr. Van Horn?

PETE WESTINE: On the previous paper, we have a question concerning whether or not one could depend upon arching under seismic
loadings. In his book, Dynamics of Bases and Foundations (translated from Russian into English hy Dr. Tschebotarioff), Barkan reports
that under vibrations of ctainTuencies, 9miitnlar soils lose all shearing strength and become essentially a fluid. In such a media, I
hardly believe one could depend on arching to occur. I do not know what freqluencies ore involved; however, earthquakes with their
spectra of rrequencies could initiate such a phenomena.

R. K. WATKINS: Do the Russians say anything about a critical densit/ of materiill) I cao see if the material is of sub-critical density,
that is, if on vibration it will reduce its volume that this wou'd eas'iy be the £ase. However, if the soil is compacted sufficiently so that
any vibration wc'Jld m:ause it to increase in volume a different sitiation would exist.

WALTER LUM: We lavc all quotead Terzaghi today but we nevcr followed him up; what he says in his book, Theoretical Soil Mechanics,
and whai he does in tfe field is something difterent. One paper that I've found on the static loads on tunnels and on the design of under-
around snctures that has gone unnoticed today is a paper that Terzaphi hod written on the Chicago subways in 1943 -in the ASCE Trans-
actions. In this paper, he telis you all the parameters that offect the loads on an underground structure: the soil above, the soil on the
sides, the soil below, 6nd the manner in which the work is done. Archirj is a temporary effect and in plastic soils because of creep, the
full overburden load can be expected. The main thing that Terzaghi brings Olt in the importance of how the worki s done and irs effect on
irching. Dependinr upon the workminship in the fiald, arching above &n urderground structure can hove a wide range of vnlues.

MARC CASPE: As far as Boaon's reference is concerrmed this is quite correct and this has been substantiated by the Japanese in "shaking
table" onalyms. The comment as toras density h concerns,d, this is bwicaily true that there is no increase in lateral pressure on a dense
soil us yov ,ould get in a loose, unconsolidated soil. But the ar.hing action, the actual 0, you have to cocsider this cs completely
destroyed. I think this apples also to thA paper t6at Dr. Van Horn has presented. He n~ntioned that the c would be destroyed, and I'm
afraid the I would algo be destroyed. In passing, as far as open cut design, which % e are doing right now on the San Francisco rapid
transit district, using solider beams and lagging, this is a typical case in point where you consider the arching from soldier pile to soldier
pile. In this case we feei we have-to take into account tar the lagging design such an occurrence since it might be a year or so before the
actval support might be ;it position. The lagging must be designed for some degree of lateral pressure, which is not usually the case.

DWAYNE NIELSON: I might shed some light an this seismic loading, Here al the UniversIty of Arizona we have a small blast simulator
tlhit we hawv Been testi, ;n thy labos. In thii simulator, 'e hore a snoall cell about 4 to 6 inches !n diameter. The cell has three rigid
pasts on which Omin gauwes have been placed to measwe the loads t"nnmitted to the structure. Static and dynamic tests were made and
It was found that o larger static pressure was transm~tted to the buried structure tkan dynamic pressure. Our dynamic pressures were usually
about 7!% of the magnitude of the static prissures transmItted to that structure at any given depth. The rise time of these dynamic tests
was of the order of I mIllisecond. The duration of the implse was about ! second Juration. In each case the material used was a clean
con•rem sand.

D. A. VAN HORN: Was the peak pressure the sae In both cases, that is to say, was the peak pressre in the dynamic tests equal to
the maximum pressure in the static test?

DVWAYNE NiELSONs That's right. in the static test the pressur, was held constont or raised Uo over a relatively long period of time, say
5 to 10 minutes, and In the dynamic tets It was set off with the hvdrugerit-oxygen mlAtwe and allowed to decay In the matter of
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approximately a second. The rise time was about one millisecond.

D. A. VAN HORN: With what kind of an h/A , or a depth-dimension ratio?

DWAYNE NIELSON: It didn't seem to make too much difference about what depth the structure was buried.

D. A. VAN HORN: This is exactly what this analysis will show. I'm certainly not saying that this is a last word; I'm just saying that
for a few different cases that I computed by this method, which I did not show, I found that the percentage gain, that is, going the other
way, taking a peak overpressure which would produce the some effect, is roughly 25% greater for sand, which would be the same thing.
If you pulled the peak overpressure time-dependent down, you would produce only about 80% of the effect. So this is definitely in line
with this analysis. I'd like to see your data.

DWAYNE NIELSON: There is one other consideration I would like to point out. Although the structure was rigid, it did have a flexible
or membrane type roof over the surface, so the surface would dish down in a membrane configuration.

G. L. ARBUTHNOT: The five papers presented in this session indicate that there is indeed appreciable attention being directed toward
tests of buried cylinders. Also indicated are some encouraging research results for small cylinders buried in dry sand. Whether or not these
efforts are currently fashionable, they stem from a real and urgent need for design procedures applicable to economical protective under-
ground structures. Buried cylinder studies are an initial apprnoach to a solution of the problem of designing real structures to be located at
various depths in both soil and rock. The discussions that followed the presentations of the five papers pointed out many of the real problerm
with which we are faced.

In order to advance significantly, the state of the art, it is necessary that we move from the dry sand case to other types of soil
us well as othet types of structures. in addition, it is necessary that the results obtained from these small structures, or model tests, be
scaled to the real situation, thus other needs are indicated. There is an urgent need for the development of procedures for modeling
structures buried in soil or rock, from which test results can be obtained and analyzed with a fair degree of confidence. Currently there
are several simulation devices suitable for tests of small buried structures or small models; however, sizes of tse structures are extremely
limited. Therefore, we need blast simulation devices in which high overpressures of long duration over a Icrgt surface area can be pro-
duced in order that larger model structures can be tested.

The cast of full scale tests are such that we can never hope to solve all of our problems at the Nevada Test Site, even if the
current test ban is lifted and we are able to go back to above ground and surface bunts of full scale weapons.

SESSION FIVE - WEDNESDAY AM
SIMILITUDE AND MODEL STUDIES
SESSION CHAIRMAN: J. R. Allgood

D. A, LINGER. The Session Chairman for this session on model studies is Mr. Jay Allgood, who is quite wedl known to all of us for his
extensive and outstanding contributions in testing underground structures. He is presently a Research Engineer with the Naval Civil
Engineering Laboratory at Port Hueneme. With no further ado, let me introduce Jay Allgood.

J. R. ALLGOOD: Thank you.Don. Gentlemen, the session this morning treats the modeling problem. Our first speaker is eminently
qualified in this area of knowledge; he is an associate of Glenn Murphy, who is co-author of the paper, who has as you know, authored
a book on this subject, and has long experience in modeling work. Dr. Young, who will present the paper, has his Master's degree and
his Ph.D. degree from Iowa State University. We are very pleased to have Don with us to present his paper, "Similarity Requirements for
Underground Structures."

D. F. YOUNG: Presentation of formal paper, we pages 285-295.

J. R. ALLGOOD: We have time for a few questions here.

HAROLD G. MASON: This is not a question, bur rather a comment. I think the bump furthest out of the traces may be a reflection from
the bottom of your tank. It works out to be about the right time based on velocities that we have for this sand. The first bump, the one
closest to the peak, i think, may be the effect of rarefaction due to side-wall friction. You get a rarefaction wave traveling In toward
the center when the container has side-wall friction. At shallow depths, the loss due to bide-wall friction Is small so the rarefaction or
unloading from the incident stress Is small . At greater depths, the effect of side-wall friction becomes greater, and therefore the unloading
wave is greater, the effect appearing on the stress-time trace as a larger bump. Your one-inch structure having, I gather, two-inch burial
Is pretty shallow so the rarefaction coming from the side wall has very little or no effect. The deeper you go for the larger structures, the
larger the effect.

D. F. YOUNG: May I ask you a questioi? How did you calculate the time to the second bump?

HAROLD G. MASON: Using 650 feet per second for the velocity down to the bottom and back, you've lcot wo of the stress magnitude
due to side-wall friction. My guess is you've last something around 70% of the peak stress down and probably something coming bock.

D. F. YOUNG: We tried to check this. It's an obvious thing to check. I don't remember what numbers we were using, but It didn't
look like it was a bottom reflection. This is the thing I first suspected. Maybe we didn't use the right number for the seismic vemocity.
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HAROLD G. MASON: I don't know what sand you were using. I just took the numbers that we'd gotten for this stress level.

J. R. ALLGOOD: Are there other questions?

R. H. SIEVERS: It would seem that the period of vibraticn in the fundamental mode of these very small structures would be very critical
in determining whether or not you do have an instantaneous rise time. I wondered if these had been computed and compared to the
-measured rise time of this shock wave?

D. F. YOUNG: We do know approximately what the periods are, but these are for cylinders in air. I'm not sure what the period is
when they are buried and I think this is an important unknown. Maybe some of the poeple here have information on that, but we don't
know what the natural period is for the buried structures. We do know what they are in air, but they could be quite different, and in my
opinion may be quite different.

J. R. ALLGOOD: We have set off small charges of high explosives over cylinders in our test pit and while we were able to determine
the buried frequency of similar sized arches, we were not successful in determining the frequency of the cylinders. Oscillations damp
out rather rapidly, thus, I would suspect frequency determination would be doubly difficult for the relatively thick-walled cylinders that
you are working w;'h.

J. I. BUSTAMANTE- I think you mentioned that the time variable was very important; however, it seems that you didn't take it into
proper consideration, if your geometric ratios are from I to 4, the time should be included in the same ratio. The fact that you found
very good agreement, at least statistically, seems to indicate then that you should take this oareement into consideration and not say from
it that the time is not an important variable. Time is usually very important and would seem to be very important ' this case. However,
when you hod differences in geometry which is another one of four important variables, and you didn't take time into consideration, and
the agreement was so good, wouldn't that seem to indicate that the time is not important. My question is essentially, did you take intc
consideration the time units?

D. F. YOUNG: The shape of the loading pulse is important and this is, of course, time dependent. I think the reason that we ended up
with good agreement here, even though the duration of the pulse was not scaled, is the fact that as far as the cylinder is concerned, the
pulse looks like a step pulse, so we were scaling it. Other tests we have run where we did not have an instantaneous rise but a rise time
of a fraction of a millisecond, indicate that you do have to scale the loading pulse in order to get good results. So the time is important.
We neglected it here because we hod to, but I think because of the shape of the loading pulse it took cc.'% of itself, but it is an
important parameter.

J. R. ALLGOOD: I think that about takes care of our time. As Don pointed out, I'm sure the important parameter is the ratio of natural
period to the duration of the load, and if one has an effective stop load, as far as the cylinder is concerned, that is the important thing.
Our next speaker, to add further enlightenment to the comprehension of the modeling problem, is a gentleman who is currently completing
the requirements for his Ph.D. degree at Iowa State University. He is Captain Robert Tener, currently at the Waterways Experimental
Station. He is presenting a paper entitled, "The Application of Similitude to Protective Construction Research."

R. K. TENER: Presentation of formal paper, see pages 296-302.

J. R. ALLGOOD: Are there questions for Captain Tener?

E. T. SELIG: This question probably could be answered by either of the first two speakers, I think Ottawa sand or, in fact, any sand,
has a particular property with respect to scaling, If it's parameter of strength, whicF Is taken as 0, is dimensionless In Itself. Have you
noticed or do you anticipate problems of scaling with cohesive soils where the scale factors, the dimensionless groups, will be such that
some scaling of cohesion will be required In the test?

R. K. TENER: That Is a very pertine.nt question. I think not for this reason. The dimensional analysis which leads you to scale material
properties having the dimensions of a stress as I indicates that if cohesion is a significant variable In the analysis then cohesion can scale
as I. Then the proper provision for modeling the strength properties of the cohesive material will enable you to use the some material In
model and prototype. There is a draft of a report presently at the Waterwasy Experiment Station to be published soon which regards the
scaling of the material propeties of buckshot clay, a highly plastic clay, and which 1 s some very fine considerations regarding the
scaling of these materials. Since you've opened the subject, I would like to point out one other thing. We are fortunate as long as we
test in dry granular material regarding time scaling. As Dr. Young pointed out, his cylinders, likewise our arches, are hit by a virtual
step pulse because of "shocking up" In sand. Thus the ratio of the rise time to the natural period of the structure Is virtually zero except
for very very small structures. When we get into cohesive materials, this will not be the case. The rise time will be finite and may well
be of the order of magnitude of the natural period of the structure. Here Is where time scaling Is going to become much more significant
than we have seen in any of our studies yet.

PETE WESTINE: When investigating the strain rate effects of clays, were any of your soils partially or completely saturated?

R. K. TENER: Yes, the work reported by Carroll far the University of Illinois and done at WES Involved partially saturated plastic clay.
These were dynamic triaxial compression tests.

PETE WESTINEt In dynamic problems under high rates of loading, negative pore pressures may develop. Once negative pore pressur
develop, cavitation may occur. Do you feel pare pressure and cavitation effects can be modeled?
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R. K. TENER: It is only necessary to model if it is important to the response which you are trying to predict. Present tests, In general
and almost without exception, are run in loading devices which involve membranes above the test specimen to prevent dyncmic pore
pressures from being a large factor; that is, most of the stress is transmitted by effective or intergranular stress. Effectively then, in our
test media, I think pore pressures have not yet been overly significant. As far as the need for scaling their effect goes, I think this is a
matter for conjecture. In my opinion, i&'s not going tu be too important.

PETE VIESTINE: How can you say that pore pressures are unimportant when we are unable to measure them dynamically? You have no
idea what pore pressures you had.

R. K. TENER. I agree but ths proof is in the pudding. If you don'i wonry about it and you can succesafully predict by moans of a scale
model, then I hold that you do not need to consider it.

ABNER SACHS: In the last two days, people have been using the word "steel" without giving us any indication of the physical properties
of the types. Now you've shifted to "aluminum" and you've changed the physical properties of your arch considerably. Are you going to
be able to correlate your answers or are you going to give us ar.other set of variables that can't be used?

R. K. TENER: The firnt point I would like to make is that the work which we are doing at WES, and I think I speak for Dr. Young's study
also, is not intended to be specifically relatsd to any field prototype situation. These are basic scaling studies to verify the similitude
relationships. With particulat caution and exceptions, what holds for aluminum elastically should hold for steel olastically as long as we
do not exceed the yield point. Now when we get into inelastic behavior, there are going to be additional considerations, and presently I
am not qualified to extend my observations into this area.

DWAYNE NIELSON: I think Dr. Watkins pointed out yesterday that the effects of the pipe wall were negligible in predicting the
deflections of these pipes.

R. K. TENER: I believe he was restricting himself to flexible pipe structures. I'm considering maro the intermediate range of flexibility.
A D/t ratio of 80 in aluminum might be flexible or rigid depending on who the speaker is. So I think his observation must be limited to
flexible, or very flexible, structures.

J. R. ALLGOOD. Our next speaker is a gentleman of renown, who hands down takes the prize for having appeared before this group
the largest number of times. Dr. Selig will present the paper, written by C. .;. Coetantino, R. R. Robinson, and M. S. Salmon, at the
Illinois Institute of Technology Research Institute. The title of the paper is "A Simplified Soil Structure Interaction Model to Investigate
the Response of Buried Silos and Cylinders."

E. T. SELIG: Presentation of formal paper, se pages 303-314.

J. R. ALLGOOD: Thank you Dr. Selig. That was mast interesting indeed. We have checked our experimental data against one elastic
theory of a wave engulfing a cylinder and find very poor agreement. The thrust agree well enough, but the action of the shell isn't taken
into account properly, apparently because the moments are in vast disogreement. It appears that this solution offers a good possibility of
overcoming this difficulty.

N. J. EVERARD: I think what you just sold is a very pertinent point, vis. that we have been looking at these structures as arches;
whereas In fact, they are not arches. Most of these structures are shells. The problem that Captain Tenm discussed is actually a barrel
shell with ten diaphragms and I believe the structural action had better take Into account a three dimensional strke distribution repre-
senting the arch action.

E. T. SELIG: I think this pretty much grees with our view In trying to carryout such an appraoch. The simplest thing on can do is to
take the froe field condition and try to Indicate how they are modified by the presence of the structure In a gonerol way, and It sem to
be reesonably successful. This solution, of course, is two dimensional and it asume on Infinite cylinder, but we have adapted It, I
believe, to both tunnels and silos wbjected to ground shock.

J. R. ALLGOOD: Well gentlemen, I hope you realize that the speakers have been very considerate of your time. Realiting they arm
using 3 man hours a minute, they have kept exactly on schedule. Now we will proceed to the next paper to be delivered by Delen
Hampton. Dr. Hampton has his Ph.D. from Purdue UnLverslty, and Is a Professor at KanOe St•e Univrsity. He Is cunently working at
the Air Force Shock Tube Facility, Univereity of Now Mexico, in Albuquerque. He will deport slightly froe the modeling theme and
present a paper entitled, "Effect of Shock Wave Induced Pore-Air Pressur on Small luried Structures."

DELON HA/PTONs Preentation of formal paper, see pges 315-331.

J. R. ALLGOOO: Are there questions for Dr. Hampton?

P. L. HUMM,*L You mentioned earlier something about the relative vaWelties of the wave through the *irims tha through the pore
water and through the solids. Could you comment further an th1?

DELON HAMPTON The attempt was made to ascertain the megnitude of the raft of pmpegataen of the per-ei prelaues In the sail
"Iamples. The maximum velocity of pi-pagatlon was detemined to be approximately 250 foe. AcNtuelly, th velotly of propagation should
be equal to or grater than the velocity of mond through air (yreixlmately 1100 fps). The low vehae of h eo wuted velocity k due
either to the Inability of the instrumentation to pick up the Initial arrival ofthe sock wao or to the naume of Ote plsage of a shock
wave through small pores.
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Regardless of tie reason, it is safe to iay that the propagation of pore air pressure through the pores of the soil will occur at aI slower rate than the propagation of the effective stress wave. The difference between the two propagation velocities will increase with
time, and the peak pore pressure at any given point will manifest itself at a later time than the peak effective stress. Exactly how much
later will depend principally upon the properties of the soil and the characteristics of the shock wave.

MERIT WHITE: I'm glad you mode your list remark about the importance of the shape of the wave. I have been thinking all the time that
this is extremely important. The duration of the pulse is just as important as the peak pressure. This is one case whare you can't talk about
scaling the test unless you scale the time foctor at the same time. For an infinitely long pulse, that is a step pulse, there would be no
attenuation at all within any pore; even the tiniest hole in the soil would let this pressure in.

R.. K. TENER Dr. Hampton, would you s4ggest that the use of a membrane over the test medium in laboratory loading devices is arealistic procedure In view of the possible extent to which pore-air pressure in field test prototypes extends to depth and the possible effects
of thewe pone-air p, essures an prototype structures?

DELON HAMPTON: A membrane over the soil effectively prevents air from entering the pores of the soil. This simulates the case when
the structure Is bur;ed so deep that pore air pressures resulting from air entering the pores of the soil would not be present. However, if it
happens that in the field one is dealing with a relatively shallow structure, then pore air pressures will impinge on the structure.

In uniformly graded granular soils, the distance of propagation can be large. Therefore, for shallow buried s'ructures pore air
pressures may impinge on the structure, but what is more important is its effect on the stress state of the soil surrounding the structure.

L. H. GABRIEL: Are you sure that you're picking up pressure waves and not shear waves?

i DELON HAMPTON: Yes, I am sure.

L. H. GABRIEL: How do you make the geometry of these long narrow columns of coil compatible with the occurrence of these pressure
waves hitting the boundary, stress free or not, and breaking up by relfection into shear and pressure waves both? You say that the arrival
times of your waves were slower than the waves you expected. Shear waves travel at a slower velocity and only one singular wave goes
straight through without hitting the boundary. If the column is considered infinitely long, which it isn't of course, but suppose we consider
it to be, the others would have to hit the boundary and then we would got reflections of shear and pressure waves both and just going
tortuously thruh this, breaking up as they go every time, they hit the boundary into some more shear and pressure waves.

DELON HAMPTON: Durirg the initial phase of this research it was found at penetrations of 0.22 foot and 0.38 foot, the measured pore
air pressure was much larger than was to be expected based an the general trend of the data. It was felt that this was due to inadequate
isolation of the soil from the sensing element of the gouge.

To check this theory, an impermeable membrane was placed over the upstream end of the samples which effectively isolated
the air in the shock wave from the soil. In doing this, any pressure measured by gauges placed along the length of the soil specimen wouldhave to be the result of the lateral press exerted by the soil; i.e., the soil must be acting on the sensing element of the gauge.

In these membrane tests, it was found that the first two gauges did register a pressure. Therefore, due to the nature of the test
conditions, those gauges must have been showing the effect of the soil pressing against the sensing element.

The realization that the gauges were showing the effect of the effective stress in the soil prompted the change from the barium
titanate gouge where the Isolation of the soil from the gauge was not effective to the Granath ST-2 gouge with grommet which was found
to be satisfactory. The adequacy of the new g system was confirmed by the membrane experiment, therefore, effective stress-wave
propagation through the soil column would have no effect an the gauge readings.

L. H. GAIRIEL4 I dicl't quite follow all of that. I will just ask this one question. I just don't have a clear picture of what the
Instrumentation was. This Is probably beside the point, but I will ask this question anyway. Would you agree that ther were sm waves
within the soil maI? And could It not be the case that the sensing elements were also picking up the components of the shear waves?

DELON HAMPTONs Whether or not shear waves were preset In the soil Is of no importance. If the soil Is Isolated From the uening
element of the gauges, It is Impaible for the gauge to roeister any component of the shem wave.

L. H. GABRIEL: a accept your word certainly, but perhsps I could just conclude with a claim. I would claim that whenever a pressure
wave hit any boundary It would break up Into a shew and presure wave.

DELON HAMPTONh If the sensing element of the gauge is effectively Isolated from the soil, the fact that a shear wave may exist in
the soil is of no consequence to this study.

L. H. GARIELt I can understand tO. OK.

R. H. SIEVERSt You my that in the shock fube work we ought to have a membrane over the beginrtinr of the sample t avoid a secondary
effect p-ekals of this air pulse going through the cavities. Do you know if you experienco a reduction In pressure felt by n pressure ~
which would be subject to both the intergnrler presure and the pore pressure within the soil when yov do not have * membrane over it
as opposed to the time when you do hove a me•mbrne over it? In other words, withovt the membrane am Y&o iust receiving the Inter-
granule' prom und a later arival of por press ?

DELON HAMPTON The ouiticot factor is not so much te magnitude of the prsure that is an the structure since this con be measured.
The most Important effect of the pore pressure s its effect a, the Wstr state of the soil surrounding the structure which, In turn, will effect
the soil-structwe Interaction.
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R. H. SIEVERS: It would seem though that the pore pressure would be arriving at such a later time ofte, the significant effects have
taken place that maybe the significance of it's arrival at all has been lost or is much reduced.

DELON hAMPTON: This will depend on the length of response time of interest and the depth of burial of the structure. The change in
the stress state of the soil surrounding the structure will not be important if it occurs a sufficient time cfter the ohenomena of concern.

R. H. SIEVERS: Let's say we have a shallow-buried, flat-roofed structure. If we reduce the peak pressure which was experienced by the
roof of that structure by adding a highly porous granular material over it with no membrane surface across tl,-t top of the ground, is this a
way of reducing the pressure on the structure?

DELON HAMPTON: The answer to this question depends upon circumstances. It depends upon he properties 4f the soils, e.g., whether
active or passive arching will occur and on the depth of cover; therefore, a yes or no answer is not possible.

J. R. ALLGOOD: I think we're about out of time so we'll thank you again and proceed to our next paper. Our next speaker is Mr. R.
L. Marina, who will be presenting Mr. Riley's paper. Mr. Marina has his B.S. and M.S. Jngrees froa lIT and, of course, is presently
with the Illinois Institute of Technology Research Institute. The paper he will present is eitirled "Photoelostic Study of Wave Propagation
Around Embedded Structural Elements."

R. L. MARINO: Presentatiorn of formal paper, see pages 332-346.

J. R. ALLGOOD: Are there questions for Mr. Marina?

ALBERT KNOTT: Could you give us an estimation of what you think the effect would be if ,ou extrapolate this information, which I
realize is a narrowly defined study, into a soils material that has different elastic and plasti- properties?

R. !.. MARINO. I would say t. t this particular study would pr( bably applr mtre to tunnels buried in rock. At the present time, we're
extending our studies into actual viscoelastic materials and I don't really have ar.ything to report on this as yet. I think I painted out that
this elastic analysis could he used as a first approximation depending on the nature and condition of the soil. I don't know if I can answer
your question.

N. J. EVERAP.D: Do you think it would be possible to simulate soil conditions ard, using powered acrylic isolated between two plates,
use this method?

R. L. MARINO- I have never tried tHis particular approorn. There is a possihility that acrylic chips or acrleic powder could be used to
simulate real granular soil. In attempting to use plastic chips or powder, however, you might bo crmting moare problems than you would be
solving. Using the ?hotoelastic Method, it would be more difficult to determine the stress distribution in a plastic chip ,wdlum than it
would be in a solid plastic plate because of the photoelaotie principles involved. It might also be difficult to determine the properties of
granular plastic which would certainly have to be done ,efore any problems could be solved. A more reasonable appoach mnight be to
bury a two-dimensional photoelastic model of a tunnel .ross section In a glass iox with a real soil medium such as Ottawa sand. In this
case, it would be posible to determine the stress distr'bution in the plastic model.

J. R. ALLGOOD: Perhaps It would be appropriate to summarize what has boen said in brief form. We're fairly confident that modeling
can be accomplished in dry granular material but such modeling requires the following: a similarity of geometry, use of tim some material,
pressures in the model soqa! t.Q the preswures in the prototype, and core with time scalc;, particularly where we have very short time pulses.

The needs• tr future work were pointed out quite abl/ and quite thoroughly and tho areas of major Impartance were cited for
us. It was brought ouc particularly that we need more Information an modeling of cohesive material. Indictions re that modeling can
be successful with such materials. We saw a new, and I think on excellent, theoretical a h to the tretment of these buried structures
which holds new hope for our successful analysis. We have boen cautioned that the elastic wave propagation solutions probably ore not
correct, and that photoelastic analyses and theoretical analyses for purely elastic materials are not strictly correct. Certainly the described
photoelostic stv,41is are an important first step in developing techniques and they do give an Interesting visual interpretation of what Is
happening. We've learnId something of the effects of pore presase and have been cautioned that in prototype structure where the
relatively fine grained soils ere used, tho pare pressure probably will not act an the structure. The dynemic reponwse of the structure will
usually be completed before the pore pressure becomes significant, but we must be cautious In our models beccuse the models are much
closer to the sun-face and if we do not Isolate pore pressures by using o plastic shoot an the surface, we may get erroneous reults. These
am a few of the things that have been presented to us. I certainly hope they have contributed to your understanding as they have to mine.
I would like to thank our speaken far their excellent presentations and for keeping within the time limit. Dr. Hampton would like to make
one lost statement.

DELON HAMPTON4 I forgot to mention In my presentation the propagation of paoe-air pressuem In silty send "Imleas. The reaesn t
I did this was principally because the propagation was practically nil. In the silty sand samples, the maximum Par pressure that I could
measure was 1/2 psI and this was rea'ly taxing my instrumentation. At a distance of approximately 6 inches It w•s sem this V2 psi was
down to sero, therefore, for oll rictical purposes then, we forgot all about the silty sand and ctincentrated our efot an the Ottawa
sanJ and the pea gravel.

J. A. ALLGOOO: I thank you for the addition Delon. Thank you all.
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SESSION SIX- WEDNESDAY PM

ANALYTICAL AND EXPERIMENTAL STUDIES, PART I

SESSION CHAIRMAN: Eugene Zwoyer

t D. A. LINGER The session for this afternoon is titled "Soil Structure Interaction: Analytical and Experimental Studies, Part I." The
Sessiort Chairman is Dr. Eugene Zwoyer, who is presently Director of the Air Force Shock Tube Facility, which is a nucleur effects
labotatary. Dr. Zwoyer received his doctorate from the University of Illinoib in 1953. He is presently Pofessor of Civil Engineering at
the University of New Mexico, in addition to his duties as Director of the Shock Tube Facility. He is the orincipal in the consulting firm
of Zwoyer and Associates, and his w.cdely diversified background and presot research responsibilities make him well qualified as this
afternoon's Session Chairman.

EUGENE ZWOYER: As Dr. Linger mentioned, the session this after-too is the first of two sessions deveted to papers on analytical and
experimental studies related to soil structure interaction. This afternoon we have five papers. The first paper has been written by Mr. W.
B. Truesdale and Dr. E. Vey. Dr. Vey is a Professor of Civil Engineering at lIT and the Manager of the Soil Mechanics Division of IITRI.
You met Mr. Truesdale yesterday when he discussed soil strain gauges. Mr. Truesdale has completed 'is undergraduate and graduate work
at lIT. He is an Associate Research Engineer in Soil Mechanics at IITRI and for the past three years has been working on problems relatec
to soil structure interaction. This afternoon he will present the paper entitled, "An Investigation of Panel-Arching Effects in Non-Coheseve
Soi."

W. B. TRUESDALE: Presentation of formal paper, see pages 349-355.

EUGENE ZWOYER: Do we have any questions for Mr. Truesdale?

R. L. MARINO: What sort of pressure gauges did Terzaghi use thirty years ago?

W. B. TRUESDALE: The way he made the measurement was by pulling steel tapes at various levels above the structure and then measuring
the force required ýo overcome the friction at resistance. I can't detail the exact procedure because I've never seen the pcoper in which
Tersaghi described the techniques employed (speakers note added: "A Fundamental Fallacy in Earth Pressure Computations," Jaumol of
the Boston Society of Civil Engineers, April, 1936).

EUGENE ZVOYER: Ar there any other questions?

MARC CASPE: Dr. Newmark has mentioned that distortions are of prime consideration here, yet all the laboratory research that has been

presented so far has dealt with the meaurement of stress, rebounds, attenuation, etc. Would strain bi a proper criterion? Since we are
speaking of distortion, could we, from a laboratory test, extrapolate to the site conditions in terms of strain?

W. B. TRUESDALE: Well, I don't know how to answer your question but I think that deformation is important and can't be left out of
consideration in any design problem. For example, If one designs a retaining wall for active earth pressure, he must make allowances for
sufflicent movement of the wall to develop the active case.

MARC CASPE: it Is not so much a matter of how, but whether It would be a valid approach. The answier aren't here at this meeting.
There Is no question that there Is work to be done. The question Is whether the approach from the strain vievpoint is valid as opposed
to stres. Things like pare water pressures, etc., cannot be measured, but strains can.

W. 1. TRUESDALEi Personally, I feel it is essential that cansiderition be given to the deformation required to develop soll shear
Mriste.

STAN EMIBNE As long a someone else has brought up the topic of strain, I would like to mention one more complication. In your
comparison with your stres-strain curve, the riaxial tes that you used had strain In three directions and the tet program had strain in
two directions.

W. S. TRUESDALE: Obviously, it is a different case. We know that soil stress-stroin propertie vary with degree of confinement,
whether It Is two dimensional or three dimensional. Whet I was trying Or do was to select some values that would realistically represent
a granular soll. I also looked at tome Mults frm direct sheer tests to m-e if at some stress level below the maximum the envelope of
Mavs circle for a sedr of thet wa linear. You do get a fairly linear type of relationship. It is not as good at values below masimum
load as it is at maximum, but it was not too bed. You obtain a different value of 9, at least I did, between the triaxiol and direct sher
test. They me two €lfferent type of test. The direct shear Is two dimensional while the triaxlal is three dimensional. Howaevr, I onl)
wanted to select values representtive of real oil and to establish tht the strms-strain relationship establishe was reasonable.

STAN SENKP* I'm also doing work In ths area of plain estr and the 0 Mults am significantly different f•ar the plain strain. Some of
the resultswillbe published In neat years InternatolI Cnfrence on the papers from Cornell. I think that the results do indicate that we
really shouldnt be using the triaxial tn, the 7 sep s tha you-m using here. For Instance, I am talking of changsn In 0 of maybe S degree
and when you applya5 degree change this makes a dfilfance in the inswen for stress.
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W. B. TRUESDALE: I agree, but I did not get that big a difference between the two tests. There wus only a couple of degree difference
in 0 between t.e triaxial and diiect shear results. Because of the limitations which exist in the direct shear test, it is difficult to deter-
mine if this difference is due to the difference in the two and three dimensional condition or is simply due to techniques of the test.

STAN BEMBEN: It depends mostly on the relative density and it is only at higher relative density that the 5 degrees occur.

G. E. TKIANDAFILIDIS: I would like to make a comment about this ko coefficient and how it was determined. I think that
Tschebotarioff in his book gives c detailed account of Terzaghi's test arrangement. Actually, what Terzaghi did was to pull out of a
consolidometer n thin metal strip which in one test was oriented horizontally. he measured the total force requireJ to pull out the thin
metal strip. He subsequently rotated the strip 90P and again measured the force necessary to puli the strip out from the ratio of the two
forces. This allowed him tc determine the order of magnitude of the ko coefficient.

P. S. BULSON: I have a question for Mr. Truesdale. Did you measure deflections against overpressure for the sand model you
demonstrated, and also how do they compare with the theoretical curves and the given linear relationship?

W. B. TRUESDALE. The teots we performed were in the glass box type apparatus and we didn't discuss qualitative results because of the
fact that there are definitely side wall friction effects in the narrow glas: box apparatus. We were primarily observing deformation patterns
in the soil, but the results, as one might expect, fit in the general second type of curve. Tomorrow Mr. Longinow from IITRI will present
some results he obtained in pressure vessel tests on circular panels and, although it is a different case, the some general trends are observed.
The results you showed yesierdcr/ also were generally of this. Continual increase in surface overpressure can be obtained if you can keep
alowing the panel to deform. However, as the results show, a sudden collapse occurs if the ultimate structural resistance is overcome.
Arching requires some support from the structure.

EUGENE ZWOYER: Our nert paper this afternoon will be presented by Dr. C. V. Chelapati, Assistant Professor of Engineering at
California State College. Dr. Chelapatl completed his undergraduate work at Andhra University in India and started his graduate work
at the Indian Institute of Science. He completed it at the University of Illinois where he worked on an elasto-plastic response of structures
to earthquakes and other simple pu!ses. This afternoon he will prsent a paper entitled "Arching in Soil Due to Yielding of a Horizontal
Support." Last summer and again this summer he has boen working with the Naval Civil Engineering Laboratory in soil structure interaction.

C. V. CHELAPATI: Presentotior. of formal paper, see pages 356-377.

bRUCE SCHIMMING: I have jut on* question about th nuumption of small strains consistent with the type of boundary condition you
impose there on a 17 foot layer wth a 2 Inch diaplocement where there Is a sudden discontinuity at the edges of the door. Do you think
that it may have a serious effet an your assumption of small strcins?

C. V. CHELAPATI: I don't think so. Further, we are not Integrating to the end of the strip; the stresses at the and are Infinite. We are
Integrating only from zero to xcr.

EUGENE ZWOYERt Our next speaker this afternoon is the first to be presented by out hosts from the University of Arlzona. Dr. Ralph
Richard is an Associate Professor of Civil Engineering here and has been directing the work that will be spore by Jerry Blurs. Jerry
Burns Is a Research Assistant in Civil Engineering adl has bee the principle who Is responsible for the construction of the plain wave
blast generator here at the University. This afternoon, he will present a paper entitled 'Attenuation of Soil Strsse for luried Cylindes."

J. Q. BURNS: Presentation of formal paper, sea pages 378-392.

N. J. EVERARDt I think this is a very good approach and I think actually we tneed to take an asproach similar to this with respect Io
structures that are rectangular In shape and structures of that type because in our civilian conslnmction pagnomw we ae building structure
In which the basements are going to be our survival shelte. If this appr och wefr taken with th rectangular stuctures, It wuld be very
helpul.

E. T. SELIG By slippage or no slippage you a tIkng about action around the wall of the cylinder when the soil comipreses?

J. 0. BURNS: ly slippage I mean any abitrary relative t ongential displacement between the soil and the conduit shell wall. Far full
slippage #the would be no tangentoal oad transfer bet6 me the soil medium end the shell well.

E. T. SELIGQ In the examples of the no sllippp e ase, the stress distributiens indicated. if I nred the dkagu right, a reduton of
"Matial tes at the cam and at the singing or the horin•al diome in the vertical directio. This *a there is lowad er out
of the region, but no picked up e ,lewher to coffompsote. Hov I mllntOple thed the drepm ?

J. Q. UNS, The vetical cowmo nt of load carred in the vertical shll well will be greater in the no slppe cas than In the fI
slippage case. For in the no dllpp te cas, a load componentI is trnsferred Into thesell directly by AMar; where, in te full slippage
case, the only laud Is the radial ltad. Does this crower yaw question?

E. T. SILIC" Perhaps, but I would like to think about this a bit im. I em e smmlngw up tresaver~ a iel pine md, of
course, we don't hae the compklte distrbutien, butt vertical stresses hveo asu up to paemp- enl thesurfae. IfItbhrllied
from the region od the hole, Its got to show up so vherm else.
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J. Q. BURNS: Right. They will recall the casm where this occurred. Notice that the circumferential strmses along a horizotital plane

in the vicinity of the shell when they are reduced. If we integrated over the horizontal plane, we would find that we have less thn the

total vertical load. What else did we notice? At the sides of the shell, we noticed that the circumferential thrust in the shell was greater
than unity. In other words, the shell was carrying more than just the load over its radius. Thus, the shell wall was carrying the stress
which was not being carried by the soil. That is, what I call negative arching. That is, th, shell was taking more load than the free field
loading. Conversely, if this -;ircumferential stress was greater than unity there was a reducel thrust in the shell wall.

R. M. RICHARD: The analysis of the stresses and di,.locements ir. a soil conduit structural system roe., ,
Is a complex problem. A solution to this problem wherein the soil is treated as a linearly elastic
medium neces•rily has its limitations, however, such a solution provides insight as to which pare-
moters or variables are of primary importance. In nonlinear systems, the mathematical expressions.
are for mr*e complex than those for linear systems and advantage must be taken of certain ideal-
izations and simplifications in order to solve nonlinear systems. Appropriate equations or functions, either algebraic or 2irf.•si-al, ntu.t

be found to relate all the variables of the system. Plotted empirical relations derived from experimental measurements (such as stress-strain
curves) must be represented in the form of mathematical equations. Approximations having sufficient accuracy should be made in order to
keep these expressions as simple as possible.

As a result, if a reduced simplified mathematical model of the soil-conduit system is to be derived in order that certain ron-
linear effects may be determined, this model should exemplify the response of the linear system with a reasonable degree of accuracy so
that confidence may be placed in the results obtained when the model is extended into the nonlinear range.

EUGENE ZWOYER: This next paper has two authors, Dr. Ulrich Luscher and Koare H6eg. Mr. H&V is a native of Norway and began
his undergraduate training there and completed it at the Massachusetts Intitute of Techmology. Since that time, he has beer engaged in

graduate study and research work at MIT. Senior author, Dr. Luscher, is a native of Switzerland where he received his undergraduate
ed.cation In Civil Engineering at the Swiss Federal Institute of Technology in Zurich. Since then, he has come to the Massachusetts
Insti.ut•e of Technology where he completed his graduate work, and for the past five years he has been working in soil structure interaction
as well as teaching. He will present the paper this afternoon entitled "The Beneficial Action of the Surrounding Soil on the Load-Carrying

Capacity 0 Buried Tubes."

ULRICH LUSCHER1 Presentation of formal paper, we pages 393-402.

J. D. HALTIWANGER: I want first to observe that I found your paper very interesting. Now I would like to comment not only an your
p p but also an an earlier statement that was made. I strongly suspect that buried structures, properly constructed as you noted, are
designed to mist normal dead load pressures at ordinary allowable stresses or foctors of safety, and designed also to mist blast-Imposed
pressures In ring compression at yield level, will produce a tube wall sufficiently thick as to be on the left-hand side of your Figure 5.
This would mean in effect that buckling would not occur except at yield stress level. is this case as for as a design criterion is concerned,
I don't se that the buckling mode itself becomes particularly critical. It does mean, of coaue, that one dare not presume larme inelastic
deformatios In ring compression far fear that it will buckle unelcatically. Conmequontly, as a design criter.;-, ;, would mean that we
would have to curtail the permitted ductility factor.

ULIUCH LUSCIEfb I would agree with Dr. Holtiwanger that probably in most vrrmt design practices far protective construction his
com4imnts wm applicable; however, we might think of a new mwterlil, for instance plastic, which is much more sceptible to buckling
than metals. Ai I did not restrict my comnents to the protective cotstruction Industry; I have other conventional applications in mind
too. I think that thes types of effects do came In other types of applications. I am sure tha we agree on that point.

A. L. NOCKENUOUGI* I would like to comment an the derivation of the equation that you gave for buckling pressure. Looking at
the eqaioon, as I understanid It, you have given an equation which gives the buckling presure for a tube tW is sucrounded by a two way
elastic founderlon, In other wards, the soil behind the tube Is able to take compressive farces as well we tWI*le fames that might deveeop
as a oube tends to goiWe a buckling mode. It would seem to me that this is ane of the refinements the would be quite significant In
refning t themy as you mentioned nees to be done.

ULAICH LUSCHIMa I ti4nk that any te4le strem Is really superiwposed over the compressive stress which Is there anyway, and while I
have not established mgnltudes because buckling Is 'an instability problem and the magnitude of sresses does not come In, I feel confident
"th we don't develop any tesle strs but rther just reduce the compressive radial stress which Is applied to the tube.

J. 0. SRNS• I wold like to make a commnmt on the previous questier of extenlsonal flexibility in which it was stored that inelastic
extensionel flexibility prsobaly should not be relied on because it will cause buckling. I would gre with tht as for as Inelastic
extnslaeol fle, bIlity due to uniform plastic yielding is conrerned, since this would reult In no moment capacity to resist buckling.
If howevo, yielding curs at certoin specific points due to sea yielding at riveted at bolted vcnnections, such that if sliding of over-
lappn plats occrs rather • than uniform plastic yielding troghmat the shell wall, t04n momet cpacity is prserved. Thus same •n.
eastc extansanelity due to unlfum plastic coweWremlen may nrt be.

IANCH LUSCIERS I just wano So aike a brief co tsn In cannection with the rining technique which is ploenty so univaresly rued
for plecing tend in lobvelay teset. I would like to give credlit to Professor Z. Getler who actuolly de almd the technique In connection
with test an burled doses at MIT. The mesea project w* supervised by Prfemor Il. V. Whitman and is desaribed in the rew ,
"Satic Tasb Upon Thin Dmes Ibtied In Soand," by t. V. Whitmtn, Z. Gstuler and K. 649, bpcW No. A 62-41 of the Department
of Civil bEtngnewing, MIT, Deceoiber 1962.
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EUGENE ZWOYER: The final paper this afternoon is based on tfie work canducted by the University of New Mexico at the Air Force
Shock Tube facility. There are three authors. The second auttxr, Dr. haiipton, you met this morning when he presented his paper on
pore-air pressure. The third author Milan Spanovich was a Research Assistant Engineer at the University of New Mexico when the work
was conducted in the laboratory and is presently a consulting engineer in Pirtdxjrgh, Pennsylvania. The senior author, Dr. George
Triandafilidis, will present the paper. He received bp's undergraduate deogroe at Robert Collage ia istanibul, rutrey,. He did his graduate
work at the University of Illinois. He has been on Me~ faculty at th University of lllimcs and Pir the last thre yowz on the faculty of
Rices University and has spent the lost four summers working at the Shock Tube Facility. Dr. Trlandaffl'idis will present the paper
sn-Ailed "Ani Experimental Evaluation of Siuil Arlw.

G. E. TRIANDAFILIDIS: Presentation of formal poper, isee poges 403-420.

PEV: WESTINE: I would like io know ce what 4+gree of saturulion tlesei tests were run?

G3. E. TRIANDAFILIDIS. Perfectly dry.

PETE WESTINE: Absolutely dry? Were these dynamically or statically loaded?

G~. E. TRIANDAFILIDIS: These ane all itustr. tests.

PETE WESTlNE. I think we should add that the degre of saturation, water content, and even pore air pressure play, a rs.ijo role in
arching. How can static tests which permit pore pressure alleviation answer dynamic arching problems? In the simoilar iynafmc alea of
"off-the-rood mobility of vehicles," water content has proven to be a very imsportant, if not the most important, variable.

G. E. TRIANDAFILIDIS: I agre absolutely with what you have to say and I think I have mentioned that thii stdy consists of the fitst
phase of a sustained research effort. We am looking into this problem more extensively now.

J. 1. SUTAMANTE: You have mentioned that you were planning to go ahead with more tests of this type. I was wandering if you
planned on doing some experimental design of the things you are testing to have some knowledge of stat~stical results? When you mix aill
these variables, it is very difficult to sy that there is not some Inteoation between one variable and the other. Takcing, for Instance,
sand and saying that this is constant for the different
variables. Are you planning on doing some experimental____ ___

design to gota statistical statement of the conclusions? 100 "W*__

G. E. TRIANDAFILIDIS: I think Dr. Honnt%-n can s
answer this question better. - -

DEON HAMPTONt The data presmntW in this DO-4 kZ2se 0-30 Oteesand
were indepen dently analysed by two different methods. ----------~
The first was as presenited to you by Or. Triandefillls, and

thsocond wasby # use of "Itsticollmethods. The 4.0________

contained In our paper and presened orally by
Or. Triendefilllds to th1s Symposium. -4

D. F. YOUNGr Maybe I WesM th" in yawr talk, but It &
would seem theatn ;mportwn p~.ronww here WSWh be ft. A_ __

dlenmeerof the container thet you wsed or the retlo of the - II fOr
dimseter of Ohe lnner cyllnjer to fte centoltier so thee oil 5oto
of yawn study would be restrictedl so this one value. VsW p pliduldr~f t e" W

somewcere tyo cou 2-1/ Inhe toe ms as height i took
S~~~~~~~~~~ Inches We tav "e.ebnewnet td nwihw

sON" #forth web IYew sh' thus iw s pilot. Farh inwere fI nch 10 u-
inlls, thei bt of s aiousi lielgt. Th e es h pr eri we ________________

usoaw Iec fraom aof ut 2-/ winch rerset a tts s c4- V2 to .5.0 1.3s.-i sig
5r Inhes Weajr hos tade tesn pe&fw -derth wsl eser inec weie weses
WWl Is evaluthe ede onfk ee of "3 p cnt.I wouldo an0 t*dieson:0,
sthee of the s tem lea i sc less edjesieiri. Io the ' hwalof th Orec walleaesro.e Casse
tkes fard endut chance. 0.9 *. Oapt. o item ts, -o nwl te" o
aspet foalio onfabutne .2c wthouthe cerier af the tui. Iftaurs (*131. b.itA~
yaWels, "nt h0e111e60%led i n4600n 90 Per l4p A If WO
ue an aipect ratiole td of ao t . hich topor. sft04

hw a ajoit offttomIsif s . a no~llon spct rsti*1111



j SOIL-STRUCTURE INTERACTION

HAROLD G. MMSON We have run wome tabt on loms due to side-wail friction in steel containers with and without teflon linen.
Our numbese fall in the some rarge as your, for instance, at one-haf diameter depth we got a loss of about 30 percent. We have done

som w~li ithsm~hjrs tat ereof h, igi tpe, bt placed in the free field rather than against a base, and fornd some similar results.
However, don't /ou feel that For o given length you will reach maximum, aver-registration wue to passive arching?

G. E. TRIAND)AFlLIDIS: I feel that I should, but..

HAROLD G. MASON We did with our rigid structures placed in th, fre field. That is why I war wondering if you hod. The incrmear
oI loa on the structuresns to follow an exponential passive arching form simnl-c to Terzaghi's active arching case exccept opposite in

sign Increasing with depth to some maximum depth below which It rnuimal :orstont. We hove olso conducted tests on the $some shaped
struckire havinig 9*greoe nor~ye"llity. We found that tle load an the struocture decayed with tlepth following the form of Tenzaghi's
active arch~ngcase. We Ivei shown the two extremes of I". on thie structure for the rigid structure (maximum passive arching) and for
the soft ilructure, maximum active archlng. We are niow Investigating the relations between these two arching extremes, We have recently
found a theoreticall ristlonship !ot predicting the amount of overstress one migitt expect bared an the geomtsty of the structure.

G. E. T*IANDAFILlI)IS: I would like to point out th" Mr. Akblott from the Shock Tube Facility at the University of New Mexico har
done an exteusvt, study Since I wasn't around for the hast nine montis, I think that he would like to comment.

P. A. A1111O1TT: Dr. Triando~illidls mentioned that this was a continuing research project and it certainly has been. I have been working
on It for a year. Wilh respect to Mr. MaomnIs conmuent, Is there some depth of variable at which passive arching reace moxm?
Yes, about 3-4/4 inches for these tests. Now thae 'Aasts aren't identicei to the ane that he Is talking about. I am eaot working an exactly
what he worked on. I am changing the vairiables. I am. Introducing a stiffness variabsle Into the structure and eliminating th side waill
friction vvrlabhe. In othe warth, by puttin a groased r~eabrae around the houting of the disc sthuck"r that Dr. Triandifilidis was talking
about, I can meach n point at about 3-,V4 Inches depeth of burial at wnich passive arching reaches a maximum.

HAROLD G. MASON: Is that f. t a given size sint-tturs, or 14 that for any size structuic?

P. A. ASSOTT. No, far 'at particular 1-1/2 diameter structw.. This Is a verny imortant variabl*, but neither one of us has looked
at it vet.

HAROLD G. MASON: For one of the strctwe that we had, It hsad a larper diameteir but a oairly close corsodneto yaur Wength.
It hsad a diameter of about 6 Inches w*4 we found the maiximum someplace In th some order of numisers thierefre, It Is affected not anly
by doam!=e but prebably wmar realistically by length, which you would expect because it hes to do with the oneWrn of cai"Vessibiliity.

P. A. AMOYT:10 I failed to P*-Otin one tINN - ft. Rob er E. Lynch at the Shoick Tube Facility he testeid 9 stres gauqte which rfsall~v
is exactly w#%ate w ufbalkt'.j ,bout. It Is righ 09M culo cylinder burled In der*e O0e., sand. Ful depth of b'w;ie is about 1.2 !nches
in daiameter and 11-1/7 Inches in leng.th, If I'm net mistaiwn was about I inch. S.) it Is definitely affect*d by the dimensions of the st*cur.

EUCANE ZwOYfRL PDe1l, I would ike to *th nk athe usn end ca-waltwas who po esentd the very, ex~collent papers tis afteivocon an
gall s~kmir loweract1on. Nol wWeukn .wll ft% vwan ýn a'4esimunn.

SESSIO SEWN4 - TWUIRMDY AM
ANALYTICA AND EXPNIM4AIWll SWIMOE$ PART II

SMION0 ICM&A0AM A. X.* Wal~dr

0. A. UNNGA& This ke Is O, wlle of erW**WW~y 4-Ape~pen walko oft oatslyftcl end e6InwserIt stuies. 00~ Sessan
Chokeu s. i.or. "eptell K. We~ikh, Hmd o We DeOper'eto at *1MWOhenloel Egwirq et U14h Shteto Uiwest~y. "ba the" cheshow,
of 00"19eG I'Ughev meu sawd Coiuitte en oamd~eamd *Wtrutue. me he dwe 0 0eerefiu(slis 4V0 of Work an wkurn.p 4 uhrueftau,
mewerth awl Amp~, wAA aes'm.Akq. Met Ad khi 41eteell oakh usele VW. Sowgleir *t Ot*w S0ae univeIrst.

kt. K. WAN INS. th"d Vew Or. Wnest. We a mietpilleI l ueftely fOw I kmen ..e he.. c h"av sube~, far i9.1 muetrv. Ig Tlhe nows
pope Is entfled5, *tsqwarnesoee Circul Cy,16*ws wit PFem4bW IUlowt Plats RIled '-n Send,* by C. J. Ca*59x%*o end Am~w* Longlnew.
be. C~endnel hs wral ft be wilk as. Ille pmr will be swtepwd by W. Leryitww, *hie o asuen mitu mnat*c oftineer otfli11M. He
g"ewetd hren V44ml.s twnaivesly edr is aso ftyden ere6et wof lit. Me Is ..Al.q If.te goee of sruckw t vwlm ýcasc.

ANNIW LON(NOP~ Prinmtetroff ha# %e pep, sies pes 42)i4)5.

HEIN LLItPE* Ime Ineeeste in i0e ydmeloss the0 qpP601d~f "n SewrlOF VVAm *WV4*..Could yfttklbeeet% e (he lo4ading tes

APSIEW LONGINON. We did net ***rste V Oea tl~ twe seedied. rse ekut~~teptoal,, held
Ow, b~ dge w~led meh.weft#*".. N sprssesd 40 00" 6100y hbig NO u to asethe Iwoe.
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DISCUSSION

comprei~sion shuns-strain curve for sand. The te~t was slow enough so I don't think time effects had a great deal of influence on the results.

HAROLD G. MASON: We've cbserved the soms thing in unloading of one-c iensionoi filts. We gvt a reversal of ratio of lateral con-
fining pressures to axial stress. It appears that you geý a sort of locking -vhen you unfrad the axial stress and you actually got a reversal
of the principle stresses.

KAARE HbEG, Just to elaborate a little moi, on the som~e point, i believe Dr. Hendron has cready giveii the best explanation for such
an minooding curve und is exoctl1 the ine wit'i Dr. Selig's comment. Let rin add that AilT tvome time ago, under Dr. Whitmm's supervision,
performed tests on domes buried in sand. We observed this samre phenomenon as mentioned above independent of the rate of loading and
unloodinq (static :to~ding).

ROY BUTTERFIELD: The four loading cycles - were these the first four or were they four after you havre loaded it previously?

ANDREW LONGINOW: They were the first fou.'.-

ROY BUTTE.RFIELD: One would feel that you wouldn't get the first loading repetitive hystemeis, for the riot loading would be differ-nt,
I would hche though!.

ANDREW LONGI NOW: The first was abit diiferent.

ROY BUTTERFIELD Werrv not the,- t;,* fi-t four you chosw? Were there just foir after It hod already been loaded once?

ANDREW LONGlNOW- Each *xperinmsnt had four loading cycles and there was no prelooding.

R. K. WNATKINS: The seconid pc~W, "Yielding errwae, Concepts, " b~y H. P. Harrenstlen and R. H. Gunderson, % III be presented by
by Dr. Hairenstiin~. The co-0w~o, ft. Gounderson, Is here also. Dr. Hawrestion Is Professor of Civil Engineering and I.Vineering
Mechanics at the University of ArIorno. 14^ was th engineer on the team vhich wan the grand prize In 1962 for the fallout school design
competition. Kae is presently chairman of the architectural engineering division of ASHE, and a member of the ASEE advisory committee
to civil defense. I might also odd that he ls the mns who wrote the proposal whilch reulted in this Syrifoslum.

H. P. HARRENSTIENt Presentation of formeal paper. wee pcges 436-.4.

ALERT KNOTTh I ntoted on "h sdidr. -., theshels thxt were loaded by sand thait the center deflection was not as~ grat asitwas an
the "shel that did not hwv, thý mateirlas *Yeii the-n. Yet it appeared that the edlge of both sets of shells hadoa similar slope. It appears
that a shvaming aclovs has occuned at the edges of *he* shells. Do you find that the strength of these Is similar?

H. P. HAAMNSTIJEN: You we catrect In yawr obsevcntlon. TN&s Is dlqý;ueied In the written text. The stenth of the "Iels is similar
which Indicates mme soll iwthing end leow direct show at th edges.

AL&RT KN0TT. DWd you getsons archin action being wppo~rW 6y thess #0aapy~cwve edge wee?

H. P. HAAMN~tIEN. We eqn Wk*~ this uieadese now, nmae*, Iik aaetvvu and pfedct the oveirpeeame at each point which (ame
+40t curvature. We hail to cireate o piece tor the archtng to s~v. I t-Strk this goe beck to some of Reynolds auth wheiiei he was creting
thaem aches end wepeet19 th tubes so they wftW have ti~s arching. 0ý* hve tOm sowe pniiblem heret. We need this kapport.

A. It. FOX.- The pape by Harenstleo.- aend Gurvon~ presens 44mversting paibiisitifft In the ue of yielding poop ibmne in -re-ective

SirmsP gea-doese of vwý* meoslulk .s-eeiol ewosIWWbl In conjunction with evarlety of support condri~lar end d-te0i6,
It uwo'j be helpf~ul If so A nwi 0 fise i t.o nae euppomt cjwt be ialudedit in thes piiemedinep

The neied f1r so *6ehcmie of pie lowng# at *iA#4ing the eww~rus Is row cleaw since thi eporotla im nrlly eeWes 1W
4 ft aww v-aimitlim capacity a(f the 6imroe. AM~encl commaht ssy Owe *Aher wmoil be hAAip s

e4 tn camp~k -eQ of this 0*49 of shelter asm.orlos Wee" were 00wtu awevatn of above- a belw-ori t~osrn
stelters woold be of t4geAlflen wouth If tecs. dato Is olhab.

H. P. HAMEN511M~ See.. uwowm to thee quatask e* giien In the wiriten pneseontation. M"r comsplete merss uat -at until
W5,* 4fte1 ftpa to the ow*eI (0CICf$-4-1V) whiCh will be p0ished May 1, 1%45.

ALMRT KNCTT.- Ne 91%w question I tavis k when yv.,# hoe" recte'ulai 41uctwe end a *0r4aNe #Oft& applied at the edge It will
he VeSm " boo taeon V~maeiy lAVg edge aiieri. Lor% yP find *hatO tviiein req ir is.o this edg amowe Is larg iouw o ft se

H. . HAMENTtN ft *vednt e. 0 athesi b~s eseee6 ukinfeoe conete fte " 1w arm coiling. ft is powble ft orra'ge the
ihtuw weh I in w~d ettrs' nd pmom es wse evrywheire. The riid comeete wr*Ad stieeto mo Hallir besm ctien which

Camtes the *hWOO ver fto0 Ith"ails wh% ichtsiwt on ttemgn. The end p"u he o fbeoof "&"*1h~ng igi lu.coneoete. Themois no
awiv ofet41 zo*4Ifs Vfounly wue twoehop Amch - *I ndhence no ami 6e Of o t e50bap by 10 ohys Vft havequte abit

at membrane whichis cmly mppwited mound tfne uwft#rLousmss.

Adiff Wwf~h t fithe sves tatyouil ishee reltkiry pei.f I* deflectioin* I asma thr thee won Woaleilly m aoire sieves?



SCIL-STRUCIURE INTERACTION

H. P. HARRENSTIEN: Yes.

MdERIT WHITE: Of course, there is o multiplication factor for a sudden applied load, so if your membranes are exposed to blast and the
load is appliod studdenly, there is a factor which I believe is 2.

H. P. HARRENSTIEN: Yes, this is for elcutic. systens. Right?

MERIT WHITE. For a linear elastic systemn, yes. For a membrane deflecti-g elastically but by a large amount, the factor is about 4.
For a plastic membrione the factor, I think, ii again 2 so that your 50 ps is equivalent to 25 psi suddenly applied.

H. P. HARRENSTIEN: We haven't observed that in our tests, but very possibly the error is in our gouging devices which are depended'
upon tv yield correct effective pressure readings.

MERIT WHITE: Yes, it's a matter of duration, of course, too. If you have a muss there such cz sard, then the thing reacis slowly and the
factor is less than 2, but if it's a long duration pulse, sudderiy applied, and a thin membranie which reacts almost lnstantaiee'vsy, then I
think the factor becomes, theoretically at least, 2.

R. H. SIlEVERS: Do you feel thot materials car, presently be fabricated in such thicknesses in such spai, tbat you wiii be able ru achieve
;n steel or aluminumi these true membrane actions?

H. P. HARRENSTIEN: This neeids research, but what we are suggesting now is that they be fabricated and dished before anmd, as you see
on the model bock there, so thot you put a static forming pressure on them which is equivalent to that pressure that you expect in the
application luter due to blast. If there is this factor of 2, it has to be taken into account.

ft. H. SIEVERS: I don't think anything presently could be roi ed in vhe widths you're referring to.

H. P. riARRENSTIEN: No, we have to go to welding. But you see, if we weld these plates together and take two plates and drive them
apart with fluid pressnre, we form two shells that we know are capable of resisting the pressure that formed them. Then if this pressure is
sufficient to be applied in design we can rest assured that it will *oak it again. Now as for as fatigue goes, we plead with the Russians
not to multiple burst us to the point of fatiguinig these things. It would have to be actually tested full size by forming lintil we get more
data on how the welds correspond or go thi'ough this rapid yieloding.

DWAYNE NIELSON: I would like, to make one comiment. In the load cell which Dr. Horrenstien discussed as the basis for the experi-
mental results, the dynamic loads which were transmitted through the rigid posts (as measured by the strain gauges) were roughly only 75%
of the foad tranimitted from the static load due to the some peak pressure. The rise time of the pressure in the dynnmic test was in the
order of one millisecond and the~ duration of the impulse was approximately one second.

HEINZ L.EisrNER: Hav-~e you given cny thought to the action of the floor slabs under these cconditions?

H. P. HARRENSTIEN: Yes, just in, design. We thought that possibly the floor slab could be of the same sort of systerny however, then
we woulId have to al low for vertical downward motion of trio wallIs aid anyth)ing that was attached to the wallIs in developing the fullI yield
of the floor. We have underdesigned the founcition of this model and lot if punch and then put a floor slab on grade and let it crock. It
will crack under the regular settlement of the overburde~n, but bi not having any strerth, we feel that the punching would add to the SoilI
stnxutre interaction.* I would wggest membranes on both faces, but here, of -onurse, we have water problems.

ft. K.* WATKINS. The third paper, "The Response n~f Burled Cylinderi to Quasi-Static Overpressres," will be presented by Dr. Bonry
Donnellan., Dr. Donnellani s a research assoc~ate ',injlneer at the dolvtrsity of New Mexico Air Force Shuck Tube Facility. He just
completed the requirements for a Ph.D. in soil and foundat**n eng~neerinig at the University of Illinois.

BARRNW DONNEI.LAN: Presentation of formal paper, see pages 449-M63.

ALBERT KNOTT. Waulo you take time to indicate how the end panels of these cylinders are actually built?

BARRY DOtJNELLAN: I can briefly indicate the detaIls of the end panels with the apriended figure. This figure (shown below) shows a
longitudinal sedlion of an aluminum cylinder with 'end plates. The stiff axial rod (A) rigidly holds the end plates in position and carries
the axial forces. The clearance shown in the Inset (B) insures this. Vary close tolerances were used In fitting the cylinder over the
portion of tim end pbite -- 6

which slips into the -

cylinder. VAI

L..Vgl'4Mna1 t~i of 4-4nch-I lumri cylnd
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ALBERT K NOTT: In the location of your gouges that measured the deflections, did you feel that the gouges that were nearer these end
supports had free motion?

BARRY DONNELLAN: Yes I do. The displacement gauges were spaced over a 4-1/2 inch length at the mid-length of the cylinder and
the reason I say I feel they have free motion is because of the collapsed shape of the cylinders. I am cognizant of the fact that the collapsed
shape and the shape prior to the collapse are two different things. One of the improvements that we will make in future testing is that we
will deal with much longer cylinders; however, I feel that the end displacement gauges were not materially affected by the restraint of the
ends of the cylinders. Bear in mind that we am talking about very small deflections. The deflection, ore in the order of 1/200 of an inch.

ALBERT KNOTT: Were these ..her gauges approximately at the quarter points? I can't recall your original sketch.

BARRY DONNELLAN: This figure is Figure 2 in my text (page 452). Here is mid-length and they were over a 4-1/2 inch length at the
mid-lengths. There were two on one side of the mid-length and three on the other as shown in Figure 2. The dimensions are 3/4, 1-3/4,
2-3/4, so that them was 2-3/4 inches here and 8 inches here.

P. S. dULSON: I am interested in the radial inward displacement of the springing which you got on your flexible cylinder. In how many
tests Jid you get this?

BARRY DONNELLAN: We conducted a minimum of three tests at each depth of burial. The data points I showed here were the avernge
of at least three tests at each depth, and in many cases the average of more than three tests. We observed this phenomenon in all tests
when depth of burial was less than 1/2 the diameter of the cylinder. We observed it at two different depths of burial, you will recall,
1/2 and 1/4 of the cylinder diameter so that it has been substantiated by quite a few tests.

P. L. HUMMEL: You indicate that the sand was placed initially in a very loose condlition, and I was wondering if it was compacted
prior to the test?

BARRY DONNELLAN: No sir. The sand was placed inftially in a dense condition. The sand was allowed to fall through the flexible
hose equipped with an inverted funnel and a screen. This gives the most dense condition that one can obtain. The void ratio was
approximately 0.47 which for a uniform sand is quite dense. I don't think you can obtain a denser sand by vibration. It also has the
advantage that you can o.•ain a dense sand around a flexible structure without any material damage to the structire.

R. K. WATKINS: The next paper is entitled, "Response of Buried Structural Models to Static and Dynamic Overpressures." The
co-author, Mr. W. F. R'1c,, is unable to attend and the p"per will be presented by Mr. R. L. Marino who has been introduced to you
previously. He has had tw0. to three years experience with the IITRI. He is associated with the experimental stress analysis sectio there.

R. L. MARINO- Presentation of formal paper, see pages 464-486.

R. K. WATKINS: The concluding paper is 'Interaction Between a Sand and Cylindrical She;Is Under Static and Dynamic Loading."
This is to be presented by Dr. J. T. Hanley, now of the University of Minnesota. He has spent 14 years with the Navy Civil Engineering
Corp including a tour of duty in AFSWP, the hfadquarters which later become DASA. He has spent five years at the University of Illinois
before going up to Minnesota.

J. T. HANLEY: Presentation of formal paper, see pages 487-528.

NOTE: See the Thursday Afternoon Session for the discussion of the last two papers.

SESSION EIGHT - THURSDAY PM

DESIGN AND PROTOTYPE STUDIES
SESSION CHAIRMAN: D. A. Linger

D. A. LINGER. Since the shortage of time limited the discussion of this morning's papers, please feel free to ask questions about them
during this session. The first paper this afternoon was written by Prof. M. G. Spangler who is a research professor of Civil Engineering at

Iowa State University and has been working in this field a number of years. He did his original work with Marston, and I don't know how
many of you go back far enough to know the Marston-Spangler theory of undergound conduits. Professor Spangler is the author of many
papers and a textbook on soil mechanics. Ha was the recipient of the Highway Research Board research medal. His paper will be pre-
sented by Dr. Carl Ekberg who is Head of the Department of Civil Engineering at Iowa State University.

CARL EKBERG: Presentation of formal paper, see pages 531-546.

D. A. LINGER. Are there any questions?

PETE WESTINE: Do you feel that creep endangers such n design procedure which makes use of a layer of straw as a backfill material

above the buried structure?

CARL EKBERG: In Prof. Spangler's paper, he mentions this point and he cites a case where this condition was maintained for 21 years
or so. I don't know anything about the tests. I would gather than there was a sustained load for that long a period, whether it was just
the dead weight of soil or whether It was surcharge plus weight of soil I can't say. I would be glad to relay this question to Prof. Spongler.

621



SOIL-STRUCTURE INTERACTION

D. A. LINGERL. I think it is a little unfair to ask Dr. Ekberg to back up Prof. Spongler's theory, but I think the decomposition at the
straw is in his favor in that condition.

DWAYNE NIELSON: I have a question concerning the validity of the assumption In the derivation of the equation for loads on underground
structures. If one assumes that soil can't take tension, is this horizontal differential element a valid assumption?

CARL EKBERG- I think you have a point there. Certainly, the shear forces are mobilized and are similar. Wouldn't you agree to that?

DWAYNE NIELSON: Yes. They are mobilized along the edge.

CARL EKBERG: They are mobilized along the edge. Just how this inverted arch action can occur is something else again. I am afraid
I couldn't explain that arching within the prism itself. That is what you're referring to.

DWAYNE NIELSON: The horizontal element is the differential element used in the derivation of the equation. It is generally assumed that
soil can't take tension and the differential element, as assumed in the original derivation, will have tension in the lower part. Maybe this
has been discussed someplace else; if it has, I am not aware of it. I would like to suggest the following as a modification to the original
derivation. If it is assumed that soil cannot take tension then some other type of differential element with only compressive stresses and
shear stresses must be used. The compressive arch is one type structure that has only compressive stresses and shear strasses. It is possible
to assume that a compressive arch forms over t"e buried conduit. The shape of
the differential arch depends on the loading distribution. The top of the - A\&, v, (o
differential arch is free to change it's location through the soil mass as the stress
level changes. The assumption that the arch acts only through a prism of soil
directly above the pipe is not justifiable unless the pipe is in the ditch conduit
type of installation. The maximum shear stresses do not occur along these ýrism &'
planes. If one makes use of the theory of elasticity, The region of maximum shear
stress can be shown to be at an angle of approximately 450 from the vertical. The I
arch should possibly be extended to this region of maximum shearing stress because RR
this is the region where the friction forces of the soil are first mobilized. The
proposed system could then be integrated to determine the load on the underground
structure. From data on model studies, the support or stress at the support is not Pane ot mamur

either the active or passive soil stress but is someplace in between the exact value, " ~ ear stress

being closer to the active soil stress (see figure at right).
I have one more question for Prof. Spongier. How is the compat- ir. - -.-.-

ibility between the soil and the buried conduit taken into account? Is this done
with the settlement ratio? I am currently working on this problem.

CARL EKBERG: I'll have to relay that one to Prof. Spangler also.

MARC CASPE: Have there been any considerations in the use of the imperfect
ditch in open cut construction? That is, where you are not back-filling but you are actually trenching with side supports not just an open
trench. Is there any possibility of developing this shear reliability?

CARL EKBERG: In answer to your first question, I am not personally aware that there has been any applicatons of this type of con-
struction. I don't know of any applications along t.-t line that would help in answering the second question either.

D. A. LINGER: Our next author is Major Ralph H. Sievers who is currently assigned to OCRD. OCRD is the Office of Chief, Reseirch
and Development, United States Army. Major Sievers received his bachelor's degree at MIT. His master's degree work was done at t. e
University of Illinois. He has done a great deal of work on this subject. This particular work was done, I believe, at the Nevada Test
Site on prototype structum as full-scale structures. The title of his paper is "Measurements of Soil-Structure Interaction on Prototype
Protective Structures."

R. H. SIEVERS: Presentation of formal paper, see pages 547-553.

STAN BEMBEN: For the figures that you quoted for the equivalent mass, are they Identical for both techniques for the 3,4 point loading
compared to the blast loading?

R. H. SIEVERS: Yes. I got a very good correlation, particularly with the 180P arch between the mechanical loads, the mechanical
means of excitation, and the blast loadings. As you can see from the sketches, I tried to get these things to vibrate In the flexural made.
The initial deflection where I apply a load and deflect the structure should be a fundamental mode of flexural vibration. The measured
period was this compressive mode. I wouldn't go into the reasons why I'm sure it Is a compressive mode but they were compatible both In
comparison with computed, and also in comparison between the rib and the unreinforced steel arched structure. In the latter, you would
expect a great difference between the fundamentals for flexural mode where the steel ribs would provide a tremendous amount of more
flexural resistance; whereas, they provide on almost negligible amount of change in the compressive mode. I got 69 millIseconds for the
unreinforced and 64 milliseconds for the ribbed structure.

D. A. LINGERt The next paper is on the design of reinfnrced concrete buried arches and is entitled "Burled, Reinforced-Concrete
Arches Equivalent Surcharge Loading Device Procedure." The paper was written by W. J. Flathou and R. A. Sager and Bill Flathau will
present the paper. Bill is from the Waterways Experiment Station. He Is a graduate of the University of Illinois and has been with the
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Waterways Experiment Station for 10 yeas. He is currently Chief of the Structural Dynamics section of the Nuclear Weapons Effects
Branch.

W. J. FLATHAU: Presentation of formal ixpter, see pages 554-573.

H. A. MIKLOFSKY: Ware secondary stresses such as rib shortening of the arch taken into account in developing the interaction diagrams?

W. J. FLATHAU: No.

D. A. LINGER: Any other questions? Our next paper is "Force Transmission Due to Cohesive Soil-Foundation Interaction Under Vibratory
Loading." It will be presented by an author who has done a great deal of work in this area. He has all his degrees from Johns Hopkins
University and is currently at Northwestern University. I would like to present Dr. Robert L. Kondner.

R. L. KONDNER. Presentation of formal paper, see pages 574-582.

D. A. LINGER: Are there any questions?

R. H. SIEVERS: Did you make any calculations as to the amount of soil which apparently was vibrating in conjunction with the footing?

R. L. KONDNER: No, I did not, but it is my understanding that the U. S. Army Engineer; Waterways Experiment Station made such
calculations and for some cases obtained negative values.

D. A. LINGER: Our next speaker this afternoon is from IITRI. The title is "On the Theory of Limiting Equilibrium for Axially Symmetric
Soils Problems." The authors are C. J. Costantino and Andrew Longinow. hA-. Longinow will present the paper.

ANDREW LONGINOW: Presentation of formal paper, see pages 583-592.

ALBERT KNOTT: Could either you or Mr. Hanley give me some indication of the effect that you think the shock wave that is transmitted
down through the cylinder from the top surface would have on the shear stresses at the structure soil interface?

ANDREW LONGINOW: I would like to point out that the tests performed here are static; I cannot answer your question.

D. A. LINGER: Is there any discussion on the paper presented by Mr. Marino?

P. S. BULSON: You showed some tests on cylinders where you measured the change in vertical diameter of the cylinder. When you
plotted these, you plotted them symmetrically about the horizontal center line. Is there any justification for this?

R. L. MARINO: When I talk about change in diameter along the zero degree position, I am talking about vertical diameter. When I
talk of change in diameter of the 90 degree position, I am talking about the horizontal diameter. I obtained these various diameter changes
in the static tests by placing the model in the sand with the LVDTs oriented along the vertical and horizontal diameter and then obtaining
a set of readings. For the next test, the model was rotated in the 20 degree position; therefore, I was measuring the change of diameter
across at 20 degrees from the horizontal and vertical and it gave the displacements to me in these two positions. For each test I obtained
two sets of paints.

P. S. BULSON: You mentioned the diameter change, but how do you know it didn't all occur at the top of the cylinder?

R. L. MARINO- I don't. In one of the other tests, for model d/t of 160, which Is the thinnest model, I had a different system. In this
system I constructed a shaft that went through the end of the cylindrical shell. The shaft had sulphur lining ball bearings and was connected
to a flexible shaft which went out through the soil and through the pressure vessel Itself. On the outside It was connected to a protractor
device and a pointer. As I applied each Increment of load I could then sweop the LVDTs and measure the changes in the radius with
respect to the longitudinal axis of the shell. Now this Is a different set-up than the one I am reporting heri. In this case one side of the
LVDT presses against one wall and a probe against the other wall. The probe has a boll preseld Into a little plastic Atting so it wouldn't
hang up but which was spring loaded so It would follow the contours of the vall. Even though I could sweep it the whole 360 degrees in
the present device I only put it in four positions and took averages to find out what the actual wall deflection was. In the other device,
I measured the actual wall deflection and found that a typical oblong or elliptical shape resulted.

P. S. BULSON: Did you measure the total settlement of the whale specimen?

R. L. MARINO: The model In the soil? No, I did not.

D. A. LINGER: There is a chap herf, Roy Butterfield, who would like to tell us what he is doing at Southhamptan University In England.

ROY BUTTERFIELD: There are two points I would like to mention. First, we are trying to evolve a method of relating static tet results
and dynamic tests an buried cylinden In iand. Someone did mention this morning this business of dynamic load factor and I think It Is
worth a bit more emphasis. If you know the fundamental resonant frequencles of a structural system, you can calculate the response of
the system to any loading function you care to apply, providing you make the usual assumptions of elastic behavior. Major Slevers has
shown that you con vibrate even large structure re:atively easily and It ought to be possible to calculate the response, or an approximation
of it, of thus structures to any blast wave pulse loading that you would like to impose. We are trying to do this on a model scale. We've
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run an extensive series of tests on the line, of Prof. Kondner's with base plates on the sand and our results agree closely with what he put
up tl.is afternoon. We then intend burying some of Dr. Bulson's cylinders in this sand and finding the response of this soil-sand structural
system to the same dynamic surface loading. We hope to be able to predict from this data the response of some of Dr. Bulson's structures
when he tests them in a shock tube assembly. We buried the first cylindrical tube last week, and the preliminary results suggested that the
system behaved approximately as if it hod two degrees of freedom. (This behavior has not been observed in any subsequent tests during June
and July 1964 and must be attributed to faulty instrumentation in the initial test. In fZT, for 16 tubes tested to date under harmonic
dynamic loading, two salient features are demonstrated in all tests: i) a decrease in the resonant frequency of the system is caused by
burying the tube, ii) the tubes all fail by excessive crown deflection at a combined static and dynamic overpressure less than 5 lb/in2 .)
The tubes were all similar to those tested statically by Dr. Bulson.

The second point is related to arching which may be of some interest to Mr. Truesdale who is studying this problem. We also
looked around for results which had been published on trapdoor experiments and we couldn't find any either. We therefore turned our
attention to grain and cement silos, the behavior of which are very much a related phenomenon. We have been considering an idealized
model of uniform discs in a regular packing (see Figure I below). From a study of the limiting solutions of interparticle forces and friction
at the silo wall, you can develop graphs of pressure on the wall against depth of filling. The lower limit solution agrees with Jansen and
with Prof. Spangler's exponential pressure distributions; it is a geometric series but plots as essentially the same curve (see Figure 2 below).
Considering the upper limit solution, you obtain the other curve shown in Figure 2. All the published results that we have found on silos
fall in the area between the maximum and minimum curves. The point I really want to make about this is that you can get from maximum to
minimum wall pressures in this idealized model with a very small amount of relative particle movement. If there is a trend for the particles
to move as in Figure 3a (below), you tend to get the minimum wall pressure and maximum base pressure case, and if the trend is for the
particles to move as in Figure 3b relative to each other, you can get ideally maximum wall pressures and minimum base pressures. (This is
what happens with diaphragm type stress gauges and accounts for the under-registration.) It also arises in silos because if you start emptying
a silo from the bottom, you are essentially encouraging relative movement of Figure 3b type. Silo resulti do show these trenJs of stress
le~ee wh'an filling and when emptying the silo as shown in Figure 2. The minimum wall pressures correspond to a K value of 1/3 and the
initial einvelop of maximum pressures gives a K of the order of about 2. Current silo design tends to work with a K of about 2. I make this
point because it means that K can fall anywhere between these limits, and in the idealized model it is purely a matter of relative movement
between the discs. If you have a silo half full, if it is standing having been filled for some time, the wall pressure could be given by point
A (Figure 2). If the silo is being emptied, then the wall pressure could be given by point B (Figure 2). The two apparently identical
situations can have highly different stress patterns. Point B, of course, is unstable and if the material were disturbed it would tend to revert
to point A. This is what I consider to be meant by arching. Arching, as I understand it, has some degree of impermanence. It can readily
be upset fromn the arched to the "non-arched" state. 1 would suggest that this arching is a phenomenon related solely to granular materials
where interparticle "cohesive" forces are negligible. Up to now a number of papers have discussed idealized elastic media and stress con-
centrations around lined holes, and described this as arching action. I would suggest that this is not arching. It is either stress concentra-
tion or stress relief and I feel we w*ll mislead ourselves if we confuse these terms. The case of an elastic plate with a hole produces stress
concentration or stress relief. It is permanent, and it is not affected by vibration, whereas arching is purely a granular material phenomenon.
It Is impermanent and the two ate not in any way related. I think that using the term "arching" as a word to cover all these phenomena is
confusing and incorrect.

4

04
00.

N'o Arching Full Arching Figure 3

Figure I

.olI pressure

Figure 1

D. A. LINGER: This afternoon'& session, on Design and Prototype Studies, has rather thoroughly considered design aspects of much ot
the research presented in earlier sessions. In addition, some prototype testing results have been presented which are directly involved with
underground shelter design procedures. Some of the material presented this afternoon deals with theory and procedure presented in the late
1920s and early 1930s. It is indicated that very little has been done in the interim toward improving the understanding of the design of underground
structures until the quite recent general realization of extreme loading criteria resulting from the threat of the nuclear weapons effects.

For some time we have designed underground structures with little knowledge of the distribution or redistribution of pressures
resulting from soil or structure characteristics, or the beneficiation effects of the soil on the structure itself. Many aspects of questions
relating to basic soil-structure interaction pehnomena, often somewhat in conflict, have been discussed here. It is hoped that the primary
objective of this Symposium (to provide a forum wherein researchers, trQineerir~g educators, and practicing professionals may meet to review
the current state of the art and to present their contribution to advancement of the subject of -,ll-structure interaction as applied to
protective construction) has been fulfilled. The published Proceedings should be of great interest to persons engaged in research and design
involved with underground structures.

Editor's note: An abbreviated version of the following presentation was given during the Monday Afternoon Session on "Wave Propagation
in Soil Media." it is presented here as a formal paper with pertinent discussion appended.
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APPLICATION OF THE ONE-SIDED FOURIER TRANSFORM TO DETERMINE

SOIL STORAGE AND DISSIPATION CHARACTERISTICS

by

Raymond J. Krizek*

INTRODUCTION

Theoretical developments in soil dynamics are very restricted in their ability to represent actual field conditions due to the com-
plexity of soil as a structural material and the complicated interaction of the soil and the structure being supported. One aspect of con-
siderable interest to the engineer concerned with earthquake or blast-rmistant design is the determination of the frequency-dependent
enelgy storage and dissipation characteristics of the soil. Among other things, these properties influen•e the propagation velocity and
attenuation of generated waves and play a major role in the problem of soil-structure interaction. It is the object of this study to present
a method by which experimental results from a conventional creep test may be utilized in conjunction with the one-sided Fourier transform
to yield information regarding dynamic soil properties required in the solution of any boundary value problem in soil-structure interaction.

THEORETICAL CONSIDERATIONS

Complex Viscoelastic Parameters
Ira linear viscoelastic material is subjected to a sinusoidally varying stress of amplitude 0PD at a given frequency of oscillation,

w its steady state response will be a sinusoidally varying strain of amplitude 4FC at the same frequency but lagging the stress by a
phase anglo 8 . The existence of a phase angle leads to the consideration of the strain components in phase and out of phase with the
applied stress. The component of strain in phase with the stres divided by the stress is called the storage compliance i' and con be written

C"D cos

The storage compliance is related to the energy stored and completely recovered for a single cycle of deformation. The component of
strain in quadrature with the stress divided by the stress is called the loss compliance J" and can be expressed

= ED sin (2)
411 -- D2

The loss modulus is associated with the enesgy diesipated for a single cycle of deformation. The storage and lass compliances can be com-
bined vectorially in the complex plane to give a complex compliance J* written as

J* = J' - I J" (3)

The absolute value of the complex compliance I .J is expressed as

I 'J* =I J' -I J" (y) + (jn)" (4)
Substitution of Equotlons I and 2 into Equation 4 gives

liosý CD(5)

In terms of the components of the complex compliance, the loss tangent (or tan 8 ) con be written

ton N (6)

In a similar manner, material response may be expressed alternatively in terms of storage, laim and complex modull, given as
Eo =°D cas 8

El aDCo (7)

E D sin 8(8)

and
E*c E' + I E" (9)

Assistant Profemor of Civil Engineering, The Technological Institute, Northwestern University, Evanston, Illinois.
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respectively. The magnitude of the complex modulusi E*j may be written

IE'1 EIE+iE1 = (E')2 +(E") 2  ( 0

while the lass tangent is given as
ton "(11)

Although E* = 1/J*, their individual components ure not reciprocally related, but are connected by the equations

El ,(12)

and

and2 2__ .)_] (13)
[1) +(J")J

or
El

(14)

distnct f * is of(15)

J" ') + +E"7

Transformations
There are two distinct methods of obtaining the complex compliance of a material. The first is based on a series of dynamic tests

to investigate the steady-state response under sinusoidal stresses of various frequencies. In this case, discrtd pain of values forI J* and
8 are obtairw•d. Theme may then be approximated by representative expresion for J* . The second method is based on applying a known

stress aý(t) to a material and measuring the resulting strain g (t) which consists of both transient and steady-state components. The
applied stress e (t) and resulting strain 6 (t) may then be approximated by appropriate equations and transformed into the frequency
domain by means of one-sided Fourier transforms. The ratio of the transformed strain to the transformed stress yields directly the complex
compliance J* in analytical form. Hence, a single transient test can produce all the information contained in an extensive series of
variable frequency tests.

The one-sided Fourier tranform expressions for stress and strain may be given as
OD

r*(W) f o (t) e"it dt (16)

and 0

w f E(t) •"ie t dt (17)

0

where W is expressed In radian frequency. The theoretical development of Fourier transforms and the conditions under which they exist
may be found in texts by Titchmarnh (1937) and Sneddon (1951). Although the functions - (t) and C(t) in Equations 16 and 17 may not
meet the existence requirements and thereby not possess rigorously defined tranforms, as long as they are sufficiently well-behaved (as in
a great number oi viscoelastic problems) the transforms of closely related expresions can be obtained. For example, the Fourier trnsform
of a step function is nut rigorously defined, but multiplication of a step function by the "convergence factor" ekt (where k is pofltve), as
explained by Wylie(1951), may be used as an artifice to handle such cam wherein the process of letting k go to zero is postponed until
after the transform has been safely taken. Another technique of considering a slightly different problem ha been employed by Lockett
(1961) to circurrvent this same difficulty. Such manipulations allow formal integration and do not seriously affect results in the region of
the time spe"trum co•idered. Thus, Equations 16 and 17 may be formally Integrated by parts to give

(D

VP(W)imi2L.(0) f .(t) el "t ()

0

oro
oCD

ie* + ,f (1,,)

where 4(0) and f(0) are the "Instantaneous" values for stress and strain, and I' (t) and j (t) ae the time derivatives of shese and
strain, respectively. The complex compliance J* ammne a farm given by Equaion 3 and may be expreed

J *(W) fr*f. (20)
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A more rigorous mathematical treatment of the preceding theory has been given by Grass (1953), and applications of Fourier transfornu to
viscoelastic analyses have been reported by Read (1950), Bland (1957) and Lockett (1961).

EXPERIMENTAL PROCEDURE

Soil Tested
The soil investigated is a remolded plastic clay whose characteristics have been previously reported by Krizek and Kondner (1964)

as liquid limit 46%, plastic limit 30%, shrinkage limit 20%, plasticity index 16% and specific gravity 2.74.

Description of Toot
The experiment used in this investigation is the uniaxial compression creep test. To study the creep response of a material a stres

is instantaneously applied to the specimen and maintained constant while strain Is measured as a function of time.
The rest rporte herein is actually a constant load test and not c constant stress test. This procedure is ommonly used by many

investigators due to complications involved in the determination of the magnitude and distribution of area variations along the length of the
specimen and the difficulty of automatic load variation to compensate for such changes. For small strains, the use of a constant load test
seems quite reasonable. The constant stress is taken as the constant load divided by the initial area of the specimen, and the strain is taken
as the time-dependent deformation divided by the initial length.

Conduct of Test
particular test reported herein was conducted in a direct load apparatus where the load was applied through a hanger system by

use of weights and transferred to the specimen by a vertical shaft passing through a ball bushing. The deformation was measured with an
indicator dial placed at the top of the appaarat. In order to reduce moisture losis throughout the ted, the specimen was protected by a
thin rubber membrane and enclosed in a standard triaxial cell without lateral premas. Due to the short duration of the test (ten minutes),
it was deemed unnecessary to take further precautions, such as multiple membranes or various coatings. After the creep test was completed,
a conventional constant strain rate unconfined compression test was conducted on the specimen.

In order to obtain a record of deformation response during the short time portion of the test, the indicator dial was photographed
with a Wollensok Sixteen Model 93 movie camera. The camror was started several seconds before the load was applied and continued to
operate for aip*roxlmately ten seconds after load application. Beyond this time, dial readings were recorded manually at designated
intervals throughout the ten minute duration of the test.

Specific values for the parameters of the epoedl test are:. specimen length 8.20 cm, specimen diameter 3.60 cm, moisture content
30.5%, unconfined compressive strength 2.12 kg per sq cm, and applied load 12.5 kg.

ANALYSIS OF EXPERIMENTAL DATA

General h
A mor blm of analysis lies in obtaining suitable analytic expresions which descibe sifficlently well the experimental results

and are amenable to mathemaiý-ol manipulation; that is, the tranforms can be obtained. While It is hue that for a creep tet, as was con-
docted, the stir varies slightly with time due to changes in crow-sectional area, thee changes as small and not uniformly distdbuted a
over the specimen length. Thertefore, the approximation of Cr (t) by a c •tat strves, a (0), applied "instantmnosly" at z time liea
well within the limitatiforl of experimental work. Utilizing the fact that 9. (t) can be considered a constant, 4(t) vonishes and
transformed stress may then be written from Equation 18 as

0-0 (21)

The strain response, 4E(t), may be approximated by a serie written as follows

N

Et [a+bt ; c n0 (22)

where (a+ bt] Is the steady-state r"espone and the last term represents a sodes of N expenential tem required to adjust the teedy-stete
response for small times. Data reparted by Kandner and KrIzek (1962) for creep tes conducted for tlme in excess o 20,000 minutes
indicate t such a stdy-stmate rpomse Is neve attained, but rather the strein rate is constonly decreasing Itvf'ughout the duAtion of
.ne test. With regard to the curve-fltting procedure to be utilized, Co + b1 repres! e "adaum" which is adjusted by mes of the
exponential terms to yield the wqaerimentol shi response. Hence, it could be rep-ese d equally well by a constard which may be taken
as the "ultimate" drain at very lasge time or scme other suitable value as deemed applicable by the Individual kinet~gaor far the partic-
ular analysis. As may be expected, the effect of this term is manifeosed privmarly In the region of lag time or low requency. In
Equation 22 cn and d" ane consats, to be detmined by cuve-fltting techniques and N Is the m er of Ism required to produce te
desired accuracy. The advantoge of such a form is that it permits the expermsntal date to be fit to any desi:d accuracy and yet lendh
itself to simple tnsfcrm1otian techniques. Such an approac- has been employed by Pape•ien (1962) In an lawestigntlor of the casti ve
behavior of asphottic conrete -.

Upon differtatin with r ettotime, Equation 22beco

N -dt

d(23)

0-i
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Substitution of Equation 23 into Equation 19 yields the transformed strain as
N1 -dt~

LG(.0)= I b + c d n e-iWt dt (24)

Formal integration of Equation 24 and substitution of limits gives

)- 0IW + di + w(25)

n=I

Substitution of Equations 21 and 25 into Equation 20 gives the complex compliance as

6r 0N c nd2 nb 1 Cd nJ*(W) = J'(40) - i J"(el) + _W - i + _T d(26)

n1 nd

Equating real and imaginary parts, the storage and loss compliances may be rvritten as
6 () 1 N c d n

"J(W) S +-M dn 2+ w2 (27)

and N
7M I dT€ W

n T
*J"( 4)*= )b-" + ' d + (28)

n=I n

Specific Apflication 0O0z -

Figure I gives the results of a typical test during
the first second after load application. As can be observed,
the actual load application was not "Instontaneous" but
required somewhat less than one-fifth of a second. Utilizing
the extrapolated dashed curv•e, the time interval For all
subsequent calculations is taken as 0.18 seconds lems than
the actual elapsed time. This Is significant only in the • -oo0

regIon a; shr time. n
The creep strain versus time response for the entire

ten minute duraton of the tast Is shon In Figure 2. If the
constants a and b in Equation 22 ore taken as 0.0225 and
zerv, respectively, the %train difference between the
"datum level" and the actual experimental value (thai is,
0.0225 - f (t)] may be plotted as shwn in Figure 3. The
data beyond 150 seconds may be approximated by the 0 - -- o - - oo-+wtian 0O0 230 O

Teme (se.)

"a " 0.0046 e0 (29) Fig. I Creep Strain verusTim Short Time Region

Figure 4a hOwr the net successivt -.".in diffetence (thOt 00r4

is, 0.0225-E (t)- ploted n ti", te
equation approximating the data beyond 25 wconds "my
be written

-0 02 .0226t 00 A.

theeqiO. *0.3 (30) 
.

[ : L * 2eZO C

In similar toner, three mnu such aPPmxismtiomn. 360Cmas shwn in Figures 4b, 4c and 4dj them yield 009 S .2 5cm
the equatioare ......... .,P ;

' .- 0.0M • a-0,231A (31) 3,0 5%

-2.62 a' 24 2 69/CIW

(4-0.0026 a (32) •
0 00 2JO0 3W o So

and Tomi (sWa'•arO

5 - 0.0056 e9 -33) Fig. 2 Typical Cree Stlin Response
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Home, the particular form of Equation 22 applicable to this test is

f(t) - 0.0225 - 0.0046 e"0. 00 345 -0.0027e -0.0226t 001

-0.234t -2.62t

-9.60$ 34
- 0.0056 . (34)

By letting time vanish in Equation 34, the "instantaneous" strain 000 - ....-.

is found tobe

LI(o) - 0.0010 (35 oo00

Dividing the constant load of 12.5 kg by the initial specimen 0 Oo000 -.... ... .. -- _...--
area of 10.18 sq cm, the "instwstaneous stress (which is assuned
constant throughout the tet) may be expressed in kg per sq cm as

@,(0) - 1.23 (36) o.002 .. .

0 ,0L 400 600

Tute (ucmds)

Fig. 3 Strain Difference versus Time:. First Aproximation
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Uiti iz ng thequntitatiye vale given In Equations 34, 35 and 36, specific forms~ of Equations 27 and 28 (th storage compliance

[63 0.0445 + 1.1212 I58.2 152 4 .. 9.2590 (3-6
0.0000 119 + 0' .000511 + w 2 0. 05476 + 2~ 6.8644 + 2 92.16+' J-

and
JO( ar 1L2.90..... + 49.61 1103 51164 + 43707 1 0- (8

LO.OOOO1 I9 +W2 0.000.511 + 02 0. 05476 + w2 6.M64+ w 92.164'

Theme paramerta-v are associated with the energy storage and dissipation characteristics of this material. The forme of Equ.ations 37 and 38
wre quite senstive to t" accuracy of the analytic approximation to the experimental data, mid this ;n turn Is governed primarily by the
number of ter", utilized In Equation 22.

Since the particular test data analyzed extendsi over a time ranrie from a fraction of a second to six hsundred seconds, exti'apolation
beyond this ra ngewt neiressairily be approached with caution until such time as a comprehensive experimental ord analytical study pro-
vides confirmiation anm way or the other. The integrals given in Equations 16 mid 17 (or equations derived therefro) depend an alf I alues
of srom or strain in the entire interval from zero to infin"t andl cannot, in general, be expressed in tens of a portion of the tins spectrum.
A rigorous transformation con be deteromined If, and only if, the measured response is known over the entire time scale and can 6* formualted
in an analytical expression aimenaIl to subsequent mathematical treatment. The aitilice employed herein to allow formal integration
Implies that the mawerialo response for Iong times cootributes relatively little to the response spoctm^e.. i"t my. *eKpeirwet covering a lim-ited
range of the time scale, the observable ti me-dependbrt effects are controlled primarily b? +"i or-conss whose relaxation oi retardation
times ame of the same order of magnitude as the time scale of the experinunit. lHe-n',, tht i~xi,*06e sikri-ficanct of ony functionol
reltationships derived from limited experimental data mswt take recognition of thi.--t ga one xxasvNJ,, Treloor (1958, reports that an
overwhelming contribution to the relax tlorn spactru for"bty rubber arises frwm tviy sh~wt relaxatln tmwe. Thcse.wachwnhs-ewiWl
relaxation tismes between 10-8 W 10- seconds contribute about 10,000 tinms as majuih cas those -'in ,ek~otiont timens between 0.1 aned
100 seconids. The preceding commnvnt ares not intended to suppress, the 4.se of w.!h techviiuAs re wesstgote soil responset chaacttristics,
but rather to establish a thorough apprec-iation of the restrictions associated irttit tfie approach. This general procedure of anilysis Pios
been 'tilit~d with much apparet succesi by workers ;n the field of polyrori auxit* the ptesence cf some of the some probleýis. Wot
enouh Is really known about the constitutive response of soils to be overly ýVo.ýmisrc or posimimsfic conconI~ng :he feasibility oi such on
app oah, but it does appear to offer a very rational starting point fa; obtair lug a phmenomenological description of sailI behavior.

Assuming tha dote is "taiable aver a sufficintly k"~p time sc-!o to efliminates any advorse effects due t* eroneous extrapolation,
a single tronsiont #Ws on a linear viselstook wsialrtal in the time dasma$. is 4fk ant to ab nta'she carresiponding strea-sttain relationiship
(as cisprse herein by the complex compliarnce) In the fregooenY doffam~. In general, soil twill exhibit a nqoslb~ea cosistitutivit response.
end a single test will nat PAuce to determire uniquel)r the wvar~enfT of the vowpiex romplitiftco function. A seies, of tests *ill hove to
Wa Con&cted at a variety J $ft" levels, WWd each ltet, wtw., cinimyo~d Us the wiean ptossented, will N :vi ritaitionships qulitativesly
sismilar to these given In Equastlonis 37 arid 38. Thus, fworicA olinear materi, Ofe s"#or4g -s oi compliance functions will be beth
frequnCV O Ari ste dAperildi , arnd 0 femily Of culrves Wtll Zýý '30-1

The #twe tawse secfted for fth tes woolyoed herein is not N, b6 coriiwijed as c, llsstatlon of the, Iechvaq presented. rhe eange
wa chower primily for eweonlenice since the only intent of time test war to provide typicl daft for hlusrtiwng a tectoilqu of -- alysis.
Using the quaItatve equVAlen of w" Vt ( -, isn radle frequeny) as ispleirned by Ferry (1% 1), this time ow~ from .fr a 0lý " a o
secnd to six hundired soemdi correspand mpoprel.asely so s frequencY r" of 2 ia 0.000 cycles per t* LWV angers in a creep

test are ealily *beiss* siheter tisme ame limited to some extent lw tht ilqenwlty of the invee.itater. While the coo" mes techiqu does
nial lind itself to direct deterkinatien of high kq~eequmc rspone, It is 0ess* 4, !*-4# dslU toy be obtairted ove a %onlnfJwtlys wide region
of the Hose seconam to Kustfy its awplicatin to MMY dynermic WIl Prowies" Of kntres.

WAWE PWP0AGATtON

equaW %Ptiw far one dimewnioal dilastation w-o** pmaaoitloui through a eWtril @may be w-ilper

to 2 11(39)

Where OW is OWe sPass, V Is die Ier*-i vtdi duiplablem .ani, d At ise ** I densiy. OWN"lier antelr of fqwaln 39 with *VOpec fta
end sabsieltution of tOe uwomd Ceawci esprewlen for botein llaws 0. field eqation to be ""lton a

2 0

+4. 440)

in editin I* OWitablI bonaryON mid mild cuI&itlor 00 the 0 sda( to f qat 40 tequfwe the 4 o someo form of car*FSit$V* relehaski
(W fte serme. Ini gOWeru fit. is MSimple eqwuinr owapssiog stre*; intae of ftwon IV e MCI~ *vlstoei-wfic, 06;1. Oi cOnsequentl
m ! Wet!A i ,leepe e fet Ohe psapgatie of on "*rylw Jistabsiece in PA,% wus mtere ton be 4;w*P.



DISCUSSION

Sinusoidal Waves
CZýUjing the propagation of a train of sinusoidal waves, stress can be related to strain by means of a comiplex modulus, as given

by Equation 9. Thus, for a sinusoidal distwrbance in a lincor viscoelostic materils, Equation 40 assumes the form

According to Koisky (1960), the solution of Equaation 41 for a progressive sinusoidal wave of radian frequency w whose displacement at
the origin is C.cas wet is given by

6- .0 cos (W(t-.x)] (42)

'vlier. c is the wave propagation velocity given Sy

Cz[!~ 1/2 (3

and a is t" attenuvation ""itan as

a to (44)

If he ropgatonconstants c and a ane knaw.r f.,nctions of frvViency over a sufficiently wide frequency rawqe, Kolsicy (!960)

ho5 ir~nftm' the propagation of an arbltrory distwobxce in linear rnaleirials by means of Fourier synthesis. If f(w ) is a compiyiex function
oý c'*; defines the s~hpe of thie dilstubance, the displacemient produced by %e diskatance of the oigin is expressed by fte Fourier

U4O)'j f(w) a e dw (43)

Then at o distattt x oama ti- C lomwh, the displacement is given by

if tue volues of Ij i4~ and & we 'known from emcie otw' h wltot ft * isQMhqueny r~oq", the shampe of it'. pulse can bue calculated
ewmsuwtcoiy 1Ify Ole W qo-%43 4" and 4-1 %on* in 6e.emrol, theW iussbtitian af *4ueoit"Ca esPreftlons Ifto Equation %4 does net
lead ft tvortshle interajLs

The precolin aapmacIt is ;*nmeed *I*h the j;WkVQVoi1CM %# plane wMve COWd 11 QPPliCcis fat 6 104udnal dlatubAW4 alarv a
filament wheer, the4VM rfcmt ouier tpeQuMaof 'he diskwbafte cotains .dyi componenst whaam wW*V#%eit Is large camo"Pre with the
di**Ow te of filoqimr,. A plane wwwo prepagated W4%Vh an wivxwsundo viscasasit* maudl con be treote lmilmy in minw of o
complex 'seduus kwlvolvng tme bulth nneo'uh. While little thereu01 t .a4' .* gan vfal No-dmsl wlwe propagation In~ 'iscoeewatc
*"NNW$el he been &ft'. a detele diteukeon .4 itP*'. IV po ies'vtnofvd Jim been given by ltr(196).

Thee wee few eceftts Its the iiieratwq as enwperilooil warkc an rho peu~m Wt pajis p - paga-tion to viscoelesic nuteirtlt.
Kolak (MAi, 1956) he waonlrso we woesuswf on the chveig In she" 0~i kVQsk4VW naiiles pulses 0 they "wrel elarg "o of pr',*-
Messt I*4~jf eeheWri wdPwrAythlene. VWe nteeth hove bsen Wsl te ue"alyaO~te or ythesis tectvlqu wed roapinrlg
the Foirlo integlp by j Few~ri vaise.

%owhoim, f too quantitaive evaiswl "Wa i eett given by (qu~aftl 37 and 30 luto twesrason 6 ard 1O allows the Magnikode of
Ow copees~e. mofthx tj wanO the- angle & to be V'r we luas otian of fnweqorcy Fair * given stse level. Thewe eletlenship.
am si'.wn ;a figutu OW e .4 It is Weh *oAe th0 n oft in the Phee angle pWo of Figui 6 ore "erslfeseins of the ltimted ftee

oar--

M4-
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SOIL-STRUCTURE INTERACPTON

of terms in the curve fit rather than the fundamental behavior of the soil. Assuming that the i! response cart be approximated by lirnar
viscoelastic theory, the curves givin in Figuret 5 and 6 will be unique; that is, independent of stress. Use of Equations 43 rrmd 44 in con-
jurvtion witf, previoui results for IE*J and & allows the wave propagation velocity c and otenuation C to be expressed as +own in
Figures 7 and 8.

-- - - ----------'- .........1
Sooo*F---r--

-4 -1 -I 0 a a 4 0 .... .
AA (coo)I

Fig. 7 Wave P.-opagation Velocity Venus Fr•quency Fig. 8 Wave Attenuation V.kus Frequency

Similar information on I E1 , c, and C has been obtained by Kondner (1962) over a more restricted range by use of steady-
state vibratory techniques.

Utilizing the concept of logarithmic decrement, a study of the propagation and diuipation of elastic wave energy in granmlar soils
has been made by R:chart, Hall and Lysmer (1962) and Hall and Richart (1963). Heoerli (1962) reported a similar study taking into account
the comp;eA norlinew• and irmlrtic stress-strain relaionship for soils.

Nonlinear Approah
To date, the theory of nonlineor viscoelostic wave propagation has received li'tle attention. One study by Malvem (1951) con-

cerns the problem of plastic wave propagation in a metal which exhibits a strain rote effet. Hillier and Kolsky (1949) carried out some
experimental work on the propagation of longitudinal sinusoidal waves of small amplituck in filcments of palyethylene, nylon and various
rubbers which had been statically 4rained out of the region of linear viscoelasticity. By measuring the "tangent" dynamic modulus at
large strains, it was found that the velocity of propagation increased considerably in some cases. For one synthetic rul*'sr (Neoprene),
I E*1 increased more than one hurdredhold as the specimen was stretched to six times its original length. Consequently, the propagation
velocity increased more than ten times.

As previously mentioned, the constitutive response for many soils is often sufficiently nonlinecr to preclude the direct application
of theories of linear viscoelasticity. However, when utilized with a proper realization and respect for Its limitations, linear theory can
provide valuable irsight to general modes of oaproach to nonlinear soil problems.

For a nonlinear material, the relations for I El and S shown in Figures 5 and 6, as well as the expressions for JX and J" given
by Equations 37 and 38, would be stress dependent and a famiiy of curves would result - each corresponding to a particular stres level.
Once obtained for a given material, these storage and dissipative functions would have to be utilized in conjunction with the field
equation given by Equation 40 to determine a solution. Aithough quite complex and analytically unfeasible, the problem may lend itself
to a numerical approach similar in nature to that utilized by Petrof and Gratch (1964) and Wolosewick (1962). However, their approaches
would have to be modified by a0 iterative procedure to account for the additional feature of stress dependence.

SUMMARY

The work reported herein has illustrated the use of one-sided Fourier transform techniques to transform the results of constant stress
experimental test data foe a remolded plastic clay into the frequoicy domain and thereby obtain approximate expressions for the storage
and loss compliance functions. These parameters are associated with the energy storage and dissipation properties of the soil, and they
may be utilized as the constitutive relations in the solution of the one-dimensional field equation for dilatation wave ropogation and
attenuation.

The tse of such techniques on a linear viscoelastic material requ!res only a single transient test in the time domain to obtain the
corresponding stress-strain relationship in the entire frequency domain. Althoujh most soils are not "linear viscoelastic," results obivined
by means of this asumption may provide valuable Insight into the analysis of available data and the development of new test procedures.
Consideration of the actual nonlinear constitutive response will produce a family of curves or equations for the frequer.cy-dependent
complex compliance - each corresponding to a particular stress level. The use of discrete paints for this compliance function in con-
junction with the field equation may lend itself to a "marrhing" type iterative numerical solution to one-dimensional wave propagation
problems.
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MICHAEL ANTHONY: I wonder if Dr. Krizek could tell us what kind of materials he used and whether he thinks there is any dispersion.

R. i. K RIZEK: Th,- answer to your first question is easy. It was a very fine grained, remodeled plastic clay. Would you state the
second port of the question again?

MICHAEL ANTHONY: What I was trying to say is that it seems we have neglected dispersion effects due to different frequency com-
ponents in the major part of our analysis and I was wondering if anyone would like to present sone comments on this.

R. J. KRIZEK: I think It is a generally accepted fact that all of these moduli, If you will, or compliance functions, are frequency or
time dependent, and any modulus which neglects this necessarily introduces an error. How to remedy this Is, of course, another question.
Even a bigger question is the fact that in what I presented, I only got as for as talking about linear theory (that was another one of your
questions, I believe). The presentation is restricted to one stress level, the particular stress level indicated In Figure 2 . In order to test
a non-linear material, It is my opinion that you have to run similar tests at other stress levels and thereby get families of such curves,
each one correspning to a particular stres level.
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